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INVITED PAPERS

SPACE SHUTTLE LOADS AND DYNAMICS

SPACE SHUTTLE MAIN ENGINE (SSME)

POGO TESTING AND RESULTS

J. R. Fenwick
Rockwell International, Rocketdvni Division

Canoga Park, California

and

J. H. Jones and R. F. Jewell
Marshal] Space Flight Center

Huntsville, Alabama

To effectively assess the Pogo stability of the Space
Shuttle vehi'cle, it was necessary to characterize the
structural, propellant, and proDulsion dynamics sub-
systems. Extensive analyses and comprehensive test-
ing programs were established early in the project as
an implementation of management phil3sophy of Pogo
prevention for Space Shuttle. This paper will dis-
cuss the role of the Space Shuttle 'lain Engine (SSMF)
in the Pogo prevention plans, compare the results ob-
tained from engine ground testing with analysis, and
present measured data from STS-l flight.

INTRODUCTION force is the graater (the thrust), the
engine acts as negative damping and for

Pogo has become one of the classical large values can become greater than the
problems of structural dynamics and can inherent damping of the structure and
be ranked along with flutter and the feed system causing divergent oscilla-

..... M...... i..... a textbook de- tions. In terms of the model given in
monstration of fluid coupled structural Figure 1, if the first term is greater
instability. The basic Pogo loop in- than the area, As, the net result is
volves resonant tuning of the vehicle positive anJ this re-enro-ces oscilla-
structure with the propellant feed sys- tion; however if the first term is less
tem with positivd feedback through the than the area, As, the net result is
rocket engine. The block diagram shown negative and this dampens oscillations.
in Figure 1 indicates the interconnection
of the major subsystems. '_xiations in The second partial in Figure 1 is
thru~t, AF, at the structural resonance a measure of the engine gain, i.e. com-
cause large velocity variations, AV, which bustion chamber pressure, Pe, to engine
are in phase with the thrust. Tuning inldt pressure, Pos. Consequently, with
the propellant feedline system to the this simple model, a value of allowable
structural frequency results in engine engine gain for neutral or inherently
inlet pressure oscillations, AP ,, which stabilizing engine forces can be written
are in phase with velccicy variations, as:
The engine prcduces two effects, it acts ar
as a blockage to the flow resulting in a aPc/!Ps < As/ -T
downward force at the engine inlet while
any fluid entering the engine is burnal Allowable gain for engines used in
in the thrust chamber generating an up- several vehicles which displayed Popo
ward thrust. Assurring negligible phase
shift through the engine, it is obvious a re design of the
that if the downwari fc'ne 'xcr~ed V the high pressure design of the SSMI, ,n
pressure, P is greater than the upward engine gain three to four times that of

f h neprevious engines could be tolerated with-
foreout instability. Ttical engne gains
that of a damper sinc. the net engine are from 0.2 to 0.5 except when the
force opposes velocity. If the upward engine inlet net positive suction head

_______ ----------- - - - -. , aa



(NPSH) is so low that additional gain Payloads are often designed to in-
is produced through cyclic cavitation clude a tolerance to Pogo when the ye-
of the turbopumps. hicle has established a consistent am-

plitude &nd frequency over many flights.
When the nayload includes man, however,

STnNIFICANCE IN MANNED FLIrHT the only solution is to avoid Pogo.
Figure 4 shows the results of vibration

In normal trajectories, structural tests of the crew which had been chosen
modes increase in frequency while the for the first manned Saturn V. Based
frequency of propellant modes vary with on these tests and previous studies con-
engine inlet pressure level and tend to ducted during the Gemini program a limit
decrease with flight time. When tuned of +I&G was established for manned flights.
conditicns and feedback result in an Since instability amplitudes are not as
iistability, divergent oscillations predictable an instability itself, the
occur. The oscillations are a maximum Space Shuttle Program included testing
when detuning results in neutral stabi- and analysis plans to prevent Pogo.
lity. Further detuning results in con-
vergence. The envelope of an accelero-
meter from the second unmanned flight of
Satvr- V is shown in Figure 3 where
closed loop damping is inferred from
the envelope

Ai

~~AV

Ot xI .-- -As

Si~~~ lP I S

_______I ,F'P

" i- PqC BL(OKC DTAPA'l

VEHICLE PROPELLANT AsI-k

THOR LIQUID OXYGEN 0.126

RP-1 0.126

TITAN II NITROGEN TETROXIDE .126
HYDRAZINEIUDMH 0, 08

S-IC LIQUID OXYGEN 0. 112
RP-1 0.241

S-Il LIQUID OXYGEN 0.246
LIQUID HYDROGEN 0.245

SPACE LIQUID OXYGEN 0.722

SHUTTLE LIQUID HYDROGEN 0.722
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FIG.3- ENGINE GIMBAL BLOCK ACCELEROMETERS FROM APOLLO-
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TION AND M£THOD OF DETFRMINING DAMPING FACTOR OF
CLOSED LOOP SYSTEM AT THE STRUCTURAL MODE FRE-
QUENCY.

ENGINE SUPPORT TO POGO PREVENTION SUPPRESSOR CONCEPT SELECTION

In the SSME (Space Shuttle Main A helium charged accumulator was
Engine) proposal phase, dynamic testing initially considered due to the success
of the engine system was included which on Saturn V. While initial charging
would produce engine transfer functions could be satisfied, engine cutoff would
of sufficient quality to allow valid ye- result in release of helium to the HPOTP
hicle stability studies. Immediately with gross cavitation and pump overspeed.
after contract awards the Pogo Integra- Venting and level control were not feasi-
tion Panel was formed and a Pogo preven- ble. Bellows with low spring rate and
tinn plan was formulated. It was assumei structural stability could not be de-
that an engine mounted Pogo suppressor signed in the available volume (Figure
would be required and, with rough esti- 5). A plug valve at the suppressor
mates supplied by the vehicle contractor, throat added significant weight and
Rocketdyne began generating suppressor operational complexity. No desirable
concepts. helium system was found.

The Titan-Gemini vehicle propelled An accumulator, mounted remotely
'y storeables used a precharged nitrogen where more volume was available, was
standpipe on the oxidizer system and a assessed. The inertia of the fluid
spring loaded piston on the fuel side. column was so large that the frequenry
The first and second stages of the Saturn range and suppression canability was
V had cryogenic propellants and the very limited.
suppressor designs amounted to helium
filled accumulators with a small continu- As a spin-off from an LeRC (Lewis Re-
al gas bleed into the propellant system. search Center) contract, an active Pogo
Since the SSMF vehicle interface is the contract was designed. Fssentially the
inlet flange of the LPOTP (Low Pressure control sensed vehicle velocity and used
Oxygen Turb-pump), an engine mounted it to drive a piston mounted in a tee at
suppressor must operate downstrear of the pump inlet as in Figure 6 and 7. As
the LPOTP at a pressure level of about the aft end of the vehicle moves forward,
500 psi with severe pressure transients the piston moved outward. Since fluid
at start and cutoff. Four candidate compression at the pump inlet is pre-
systems were chosen for further study. vented, no significant pressure oscilla-

tions are generated due to structural

3
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motion and the engine feedback gain is any additional hydraulic requirement
reduced. Tests and MSFC analysis in- would be assessed a 1000 lb weight penal-
dicated significant pressure attenuation ty since the hydraulics capability of
in the low frequency range. The most the vehicle was already at its limit.
significant problem was design of a fil- The active suppressor actively was cur-
ter to attenuate pulser motion at higher tailed.
frequencies while providing less : in 94
phase error through the control Ir op. The fourth concept was an accumula-
This problem is identical to tha- of tor for the liquid oxygen system using
active dampers in large structures. hot gaseous oxygen. This supply was
While the problems of a wider bandwidth available from an engine heat exchan-er
hydraulic servovalve and an adequate which supplies pressurant for the ex-
filter were being worked, meetings with ternal tank. The major potential pro-
the vehicle contractor indicated that blem was ullage stability due to heat
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and mass transfer across the free gas- charging valve is then shuttled to
liquid interface. "his problem involved allow flow of hot oxygen gas (GOX),
the effects of sloshing, circulation of cutting off the helium flow. Ullage
the liquid below the interface and the level is controlled by a tube with bleed
design of a good diffuser. The original holes at the desired interface level.
concept is shown in Figure 8. The mixeLt gas-liquid bleed flow re-

circu.!tes into the propellant system
The suppressor systems dasigr io ab:m.,, 15 ft. upstream of the LPOTP. At

shown ir Figure 9. The ac.ur',lat)r is -utcff tmost ,! thýý gas vents through the
helium charged during engine st& - tt level c(.,r•:. A small arrount may enter
about 2/3 its ullage capability. TV the main duct but is collapsed by the

flow in the main duct. Later during
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engine testing it was found that a surge Thile only transfer functions con-
at engine cutoff could collapse the cavi- necting the interfaces are required,
ty sending a sharp water-hammer wave in- simpler transfei functions breaking the
to the propellant system. A small a- SSME into three subsystems were more
mount of helium is now added during the desirable. Interfaces were chosen at
cutoff sequence to eliminaLe the surge. the low pressure fuel and oxidizer pump
This suppressor was chosen for the inlet, the inlet to high pressure
engine baseline primarily for its light oxidizer pump and the suppressor tap-off
.ieight (60 lb/engine) and simplicity of point. The subsystems then were the
operation. The actual Pogo suppression LPOTP - oxidizer interDump duct, the
system installation is shown in Fig'xre suppressor and the powerhead. The
10. powerhead includes the closed loop con-

trol system, preburners and thrust

Initial tests using low liquid flow chamber and the complete fuel system to
rates and gaseous nitrogen were run to the vehicle-engine interface. Split-
verify the level control concept and ting the cngine into subsystems followed
the stability of a liquid-gas interface, the plan of subsystem testing and veri-
A plastic accumulator was also run with fication. Further, vehicle stabil.ity
gaseous nitrogen and water to evaluate models are qdite complicated and sub-
baffle requirements to ;ninimize sloshirg. systems which can be described with low

order frequency dependent polynomials
are preferred to a few high order poly-

APPROACH TO MODEL CONSTRUCTION AND nomials.
VERIFICATION

The initial analysis of fuel system
A schematic of the SSME is shown in interaction indicated that due to the

Figure 11. The interface is at the in- low density of liquid hydrogen, the

let to the low pressure pumps. Fre- vehicle geometry and the engine mixture

quency dependent equations representing ratio, the contribution of the fuel sys-

the engines are required for the large tem to Pogo was very small. The effect

vehicle stability models. At a mini- of the fuel system feedback was actually

mum, transfer functions are required for less than the predicted error band of

the engine inlet impedance (AP0 / Af) the oxidizor system and was not required

and the thrust transfer function (AF/A P. in initial analysis. These effects now-

A detailed linear model of the engine ever were available for final vehicle

was formulated for frequency domain szlu- verification studies.
tion with input interfaces at both the
fuel and oxidizer low pressure pump in- While the engine model was quite de-,

let flanges. A schematic of this model tailed, coefficients associated with

is contained in Figure 12 pump cavitation and suppressor dynamics
could only be estimated.

FIG. 10 - POGO SUPPRESSION SYSTEM INSTALLATION
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MESREETDESCR I PTION

I LOW PRESSURE OXIDIZER PUMP INLET PRESSURE (LPOP)

2 HIGH PRESSURE OXIDIZER TURBOPUMP INLET PRESSURE (H POP)

3 MA IN ENGINE CHAMBER PRESSURE (MCC)
4 PULSER DISPLACEMENT

F UG. 13- GENERAL SCHF'IATIC OF SSME POG0
PULSING SYSTEM

The models did allow vehicle stability accuracy requires an even greater accura-
studies to proceed by the use of liberal cy for the measurements used to obtain
tolerances on the estimated coefficients. the transfer functions. A goal of 5%
The engine models also allowed early pre- amplitude error and 50 phase error on
test simulation cf engine testing on any measurement relative to the excita-
the various test stands so that testing tion input was defined. This error in-
methods and hardware could be designed. cludes the transducer, recording system,

spectral analyzer and inherent signal!
noise effects at the measurement point.

TEST METHOD DEVELOPMENT Assuming excitation producing 10 psi P-P
at the engine inlet (10% of steady state),

The plan was to sinusoidally ex- the pressure fluctuations should be a-
cite the oxidizer feed system over the bout 10 psi P-P (2% of SS) at the I-POTP
1½ to 50 Hz range. The transmission of inlet and about 3 ps• P-P (1/10% of $S)
the disturbance would then be measured in cham~ber pressure. Flow fluctuationsat the LPOTP inlet and outlet, HPOTP should be about 1/10% of SS. AC coupled
inlet and in main chamber pressure, Fig. pressure transducers (PCB) with integral
13. It was also planned to develop 4- first stage amplifiers allowed a high
terminal transfer functions for the LPOTP signal level which minimized instrumenta-
which could be compared with work being tion and recording system noise. Spec-
performed at CIT (Calif. Institute of tral cross-correlation using the Time!
Technology). The engine and test stand Data i932 at Rocketdyne and Hewlett
model was used to define the capability Packard 5451C Fourier Analyzer at M1SFC
of an inlet system pulser, to provide provided a very low noise method for
excitation through the engine system so data processing. Remaining noise inher-
that instrumentation requirements cuald ent in the engine system became the
be defined and to test out data reduction limit for pressure measurement accuracy.
methods. That level was approximately 0.2 psi

squared per Hertz.
Accuracy requirements For engine

transfer functions were tentatively set 1'ow measurements to support evalu-
at 10 percent on amplitude and 10 de- ation ot 4-termin~al pump transfer func-
grees on phase. To achieve this tion defirnition were not accomplished.

9 O
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Several approaches were attempted, how- produced by the device was proportional
ever, the best being a meter developed to the input voltage. Later, when the
by ONERA (Office National D'Etudes Et De device was chosen for use on the MPTA
Researches Aerospatiales). The meter (Main Propulsion Test Article) stroke
had excellent accuracy and response as and velocity limiting circuits were
shown in test, at the NASA Langley Re- added for safety. With the servo driven
search Center and at Rockwell's Space pulser, any excitation profile could be
Systems Division. Signal/noise ratio in used. The most desirable mode of test-
the actual application to Rocketdyne test- ing involved prerecording the profile on
ing, however, showed that it was not FM tape -nd playing it into the pulser
applicable to SSME testing. A 1% flow electronics during the test. Gain of the
variation at 7 Hz requires nearly 70 input signal could be adjusted during a
seconds for 10% accuracy; see Figure 14. test.
With expected flow variations .n the
range of 1/10%, the engine test time re- Approximately 300 seconds is avail-
quired for meaningful accuracy ,was pro- able for a single engine test. This is
hioitive. It was quite obvious that the limited by the size of the propellant
4-terminal pump dynamics could not be tanks. If one test is available to ob-
directly evaluated, tain transfer functions for each combi-

nation of inlet pressure and engine
The system excitation device chosen power level, the problem is to cover the

for all transfer fur-tion testing was required 2 to 40 Hz range in an
the hydraulic servo driven piston, pilser, efficient and safe manner.
shown in Figure 15. In*tially the elec-
tronics were designed so that pulser Simulations indicated that, with
position followed input voltage but stu- constant bandwidth snectral processing,
dies showed that it was preferable to use a linear frequency sweep produces uni-
a :-iearly constant flow rate excitation form power across the frequency band ex-
over the frequency range. The electro- cept for transient lobes at both ends of
nics were then changed so that for fre- the frequency band. Using spectral
quencies from 2 to 50 Hz the flow rate averaaina techniques and starting each

10
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sweep with a unique initial condition re- than spectral, analyzers. Figure 13 is a
suits in a very uniform power spectrum. non-dimensicnal plot of the attenuation

While a sweep does not give the accuracy of peak velocity obtained by fast sweep-
of dwell excitation at any particular ing compared with the peak velocity ob-
frequency, it does a good job over the tained from a dwell or slow sweep test.
entire range. The effect of sweep rate The conclusion was that sweeps as fast
was then investigated by applying the as 5 tc 10 sec., from 2 to 5 Hz could be'4excitation to a second order system and used in SSME testing.
determining the velocity response func-.
tion with the Time/Data 1932. Except
for systems with extremely small damping SUBSYSTEM TESTING
the transfer function accuracy was only
a function of accumulated test time re- Component interactions in r~a! sys-
gardless of the sweep rate. It became tems obey Murphy's first law, so, to
obvious that much of the prejudice avoid program impacts, a major subsystem
against the use of fast sweep techniques test facility was activated. The sub-
was associated with its use in very system was composed of an LPOTP modified
lightly damped systems and by those for electric motor drive, an interpui p
using tracking filter techniques rather duct and a bread-board suppressor. Th[

4I



existing facility was modified as shown flushing of the ullage. Several designs
in Ffgure 17 to anchor the inlet direct- were tried to suppress the circulation
ly into the ground. An oil fired heat without adding appreciable neck iner-
exchanger was installed tc provide hot tance or resistance. The Z-baffle shown
oxygen and a large decoupling accumulator in Figure 19 was chosen on the basis
was installed downstream of the test sys- of best stability and performance. Tests
ten orifice in the propel2ant return were then run over the operational range
line (Figure 18). to verify ullage stability, gaseous oxy-

gen flow requirements and to obtain dy-
The first phase of testing estab- namic data to verify suppressor inertance

lished the static cavitation performance and compliance.
of the LPOTP verifying its design goals.
System testing under flow without the The subsystem tests, while not pro-
suppressor was next. A fast sweep pro- viding all the information desired, were
file was used and the noise problem sufficient to verify the suppressor
associated with flov measurement was characteristics, to evaluate compliance
recognized. Initially the problem was and inertance values and to ensure
thought to be the result of bubbles in compatibility with the LPOTP-interpump
the liquid oxygen flow stream affecting duct system. The strengths and weak-
the ultrasonic beam. Even dwell pulsing nesses of fast sweep testing were also
did not improve the data significantly. aefined. The next step was verification

of suppressor operation in single engine
After the matrix of inlet pressure testing.

and simulated power level was complete
the suppressor was installed. Initial
checkout tests resulted in a surging SINGLE ENGINE TESTING
condition in the system. At low helium
and liquid oxygen flows the system was The engine test program was being
stable. Alternate diffuser designs and conducted on test stands A-1 and A-2 at
use of gaseous oxygen increased t-,e NSTL (National Space Technology Labora-
stability range somewha but surging still tories) In Mississippi. Modifications to
cinuj at flows corresponding to 50% include a pulser tee and hydraulics as
of full power level. Tests of the plas- well as a level control recirculation
tic accumulator in a system using water line were made to the facilities. Ini-
and gaseous nitrogen showed the problem tial dynamic tests showed rather lower
to be associated with high circulation pressure response to pulsinv' than had
in the suppressor, leading to cyclic been anticipated. Ultrasonic flow meter

Sqt

FIG. 17
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ports which had been added earlier were The most cri.ical dynamic data
utilized and again confirmed the flow collected in a test innludod piston
noise level pre'iiously found in subsys- input signal and pressures at the piston,
erm testing. the engine inlet (LPOP), the HPOTP inlet,

the suppressor ullage and in the main
combustion chamber pressure (see Figure

Dtving static engine firings, an 13). These data were recorded on FM
occasional tendency for bubble collapse mbgnetic tape for spectral analysis.
at high power levels and with engine
throttling transient3 was noted. Al- The test matrix was composed of
though the ullage re-establi&hed, an engine operation at 70% and 100% power
additional stage of baffling was added, level with inlit pressures of 100 and
These are shown in Figure 20. 45 psia with and without the suppressor

installed. Repeat tests were run to
Before a significant amount of dy- provide a measure of test to test differ-

namic testing could be accomplished, an ences and whenever a primary measurement
additional test stand (A-3) was activa- was of questionable quality.
ted in Rocketdyne's Santa Susana Test
Facility. At that time a program le-
ci3ion was made to dedicate all testing DATA ANALYSIS
at NSTL to verification firings for thr
flight engines. All Pogo testing was Although strip charts provided a
switched to A-3. quick look for data quality, all data

reduction was done using Rocketdyne'sFrom the minimal dynamic tests run Time/Data 1932 real-time time-series
at NSTL it was obvious that a combination analyzer and MSFC's 5451C Fourier Analy-
of fast sweep and dwell excitation was zer. Transfer functions for each
necessary-to obtain the best data over pressure relative to the input pulser
the frequency range required. The ex- signal were computed using a 50 Hz low
citation profile used in this testing pass anti-aliasanr filter and h Hz analy-
is shown in Figure 21. The initial 100 sis bandwidth with a spectral band of 0
sec was composed of a fast sweep from to 100 Hz.
1A Co So to 1% etc. with a cycle time of
15 seconds. This resulted in about six A typical set of reduced data is
complete sweep cycles. Following this shown in Figures 22 through 26 al-
was 20 seconds at 4 Hz and 10 seconds though a listing of the data was actual-
each at 5 Hz increments to 50 Hz for a ly used to develop transfer functions
total of 110 sec of dwell. Since tests for the substructured engine. Data were
were normally about 300 seconds, the analyzed with spectral averaging in two
first 80 seconds were used for other independant sections, the fast sweep and
test objectives i.e..; for adjusting in- dwell segments. Some of the single fre-
let pressure and power level and for all quency dwell segments were analyzed
AC coupled instruments to settle out. separately but the minor change in data

The gain between the FM tape recor- quality dil not warrant this effort.
ded reference voltage and the pulser was After spectral data were reduced re-
adjusted to ensure a safe but adequate lative to the pulser they were algebra-
pressure oscillation at the engine inlet ically manipulated to obtain the sub-
Normally this took about 2 full sweeps. structured engine transfer functions.
Data was then obtained at a constant A special software package has been de-
gain setting for the remainder of the veloped for use on the HP51C (Ref. 1).
fast sweeps and through the dwell por- This approach is shown as follows:
.ion.

Let:
Accelerometers installed at criti-

cal locations on the facility were inf- FX (f) -* Fourier Spectrum of Input
14ally monitored to prevent test stand
dai...ge. Note that a 12" diameter feed- Fy (f) - Fourier Spectrum of Output
line pressurized to 20 psi develops a
separcting force of over a ton. With The Transfer Function is then Defined
1% structural damping, a +10 psi As:
pressure oscillation can Fevelop equiva-
lent static loads of over 50 tons peak f (f)
to peak. Since structural resonances in HXy
the test stand did not correspond to
feed system resonant frequencies where Where:
large oscillatory pressures were genera-
ted, no serious test stand loads were FXy (f) * Cross Spectrum
generated.

14
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Using the concept of referencing to a MCC/HPOPTN
common signal (the Pulser) the transfer
function and coherence becomes: H (f) F ( F (f)
H2 1  H2 4 (f) F2 4 (f)/F4 4 (f) H (f) 34 F34  (1)/44  (f)

f1= H 4 () F7T ((ffF) Y (4'4
M1F (1)l 44 (1) MCC/LPOPIN

HPOPIN/LPOPIN
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The coherence (squared) fo~r HPOP IN /LPOPIH HPOTP cavitation compliance was required
to justify the model with the test data.
The gain of the LPOTP-Duct is slightly
loes than predicted while the Power Head

2 s,-1 gain is slightly higher than predicted.
2 f 1 +1 Resonant dipoles were fou.nd in the LPOTh.

21 *.-.-7 Z Interpwnp Duet response (Figure 27)

'f MJ which were motreadily justified with

The subscripts in these equations refer Correlation of the model with data
to the measurement numbers in Figure 13. from tests with a suppressor installed

resulted in well defined valuaes of R, L
This approach minimized correlation and C for the suppressor which v.ere

of signals in the parameters which are within the design goals. Best of all,
coherent but generated in the engine it- the suppressor is an excellent filter
self. This engine generated noise is in the 5 to 4 0 Hz range with no unexpect -
not associated with Pogo signals which ed adverse response. Gain below I4 Hz is
are generated upstream of the engine almost unaffected by the suppressor al-
and yet this engine noise shows high co- though there is a phase effect. The
herence (and erroneously high engine suppressor effectively operates as a
gain) if the pressures are correlated notch fialter.
directly. Usi.ag the known disturbance
as an intermediate reference minimizes The Power Head should be defined
engine generated noise effects. accurately only without the suppressor

since both the HPOTP inlet and main
combustion chamber pressure oscillations

INTERPRETATION OF SINGLE ENGINE TEST developed by the pulser were severely
DATA attenuated by the suppressor. Thrust

chamber pressure noise generated in the
The two major transfer functions engin~e was not affected by the suppres-

are the LPOTP - Interpump Duct-Suppres- sor and the noise at the HPOTP was only
sor HPOPIN/LPOPN i "e. ( A P0S2/4P051 ) slightly reduced. The net effect was a

IN IN'decrease in signal to noise ratio in
and the Power Mead MCC/HPOP ; i.e. both measurements but to a very great
( A P /fAr sg ). The low preigure system extent in thrust chamber pressure. A
dependetnwhter t t hanes supressorisal comparison of the predicted and demon-depeden anwheter he upprsso is strated full engine transfer function
or is not activ-t. Figures 27 and 28 (MCC /LPOPjV) without suppressor is
compare the test results and the origi- shown in igure 29.
nal predictions.

Extensive transfer function analy-
Comparison of test data with pre- sis has been performed on the SSME Pogo

dictions for the system with no suppres- data obtained to date. A representative
sor indicated that only a very small reporting of these results is given in

17
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dynamics are such that the changes in At AS MSFC, A. L. Worhand J. E.
pump compliance cause only a small feed- Harb4&.6n furnished much of the early
line frequency shift. guidanue in Shuttle pogo suppression.

E. H. Hyde was of great support in de-
velopment ,.f both the active suppressor

SUMMARY concept ana later of the baseline sup-
pressor. L. A. Gross contr'ibuted his

A simple analogy of engine feedbak own expertise in turbomachinery and was
in the Pogo loop indicates that the high responsible for obtaining funding for
pressure design of the SSME should re- Professors Brennan and Acosta leading
sult in the vehicle having considerably to their timely contribution. Dr. L.
greater stability than vehicles using Schutzenhofer and K. L. Spanyer provided
engines with lower internal pressure estimates of the subsystem's transfer
levels, function based upon the Pocketdyne model-

ing equations. T. E. Nesman provided mich
The initial analytical estimates of of the transfer function analysis used

engine transfer functions were in good at MSFC. Tony Gardner of Wyle Labora-
agreement with data obtained from engine tories is recognized for his timely
and subsystem test. Over the expected completion of the pogo transfer function
operating range, cavitation affects are software package.
minor. Finally, we would like to thank J.

The suppressor design using liquid J. Dordain and J. C. Demarais of ONEPA
and gaseous oxygen is quite stable and and T. D. Carpini of NASA LaRC for their
an effective notch filter for the sys- valiant effort in ultrasonic flowmeter
tem. All the major problems of ullage devblopment.
stability involved circulation in the
liquid below the liquid-gas interface.
Design estimates of the compliance and REFERENCES
inertance of the design were conserva-
tive although the effective resistance 1. Gardner, T. G., "Evaluation of SSME
exceeded the initial estimate. Fluid Dynamic Frequency Response
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wave is feasible and desirable in deter- MT-80-L, Contract NAS8-33508, Octo-
mining transfer functions over a wide ber 1980.
frequency band. The additi )nal use of
a few dwell excitation frequencies in 2. Jewell, R. E., "Trip Report on 24th
the spectrum to provide acnurate bench Space Shuttle Pogo Integration Padel
marks was also required. Meeting," NASA, MSFC, Memo ED21-80-
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The best excitation for the system

involved constant velocity disturbances 3. Jones, J. H. and Nesman, T. E.,
(flow rate perturbation) over the fre- "Single Engine SSME Pogc Data for
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SPACE SHUTTLE SOLID ROCKET BOOSTER
WATER ENTRY CAVITY COLLAPSE LOADS

R. T. Keefe and E. A. Rawls
Chrysler Corporation
Slidell, Louisiana

D. A. Kross
NASA/Marshall Space Flight Center

Huntsville, Alabama

SRB cavity collapse flight measurements included external pressures on
the motor case and aft skirt, internal motor case pressures, accelero-
meters located in the forward skirt, mid-body area, and aft skirt, as
well as strain gages located on the skin of the motor case. This flight
data yielded applied pressure longitudinal and circumferential distri-
butions whicN compare well with model test predictions. The internal
motor case ullage pressure, which is below atmospheric due to the rapid
cooling of the hot internal gas, was more severe (lower) than anticipated
due to the ullage gas being hotter than predicted. The structural dyna-
taic response characteristics were as expected. Structural ring and wall
damage are detailed and are considered to be attributable to the direct
application of cavity collapse pressure combined with the structurally
destabilizing, low internal motor case pressure.

INTRODUCTION The overall structural design of the SRB
was greatly influenced by these loads. The

The Space Shuttle vehicle concept, illus- water impact analytical and experimental pro-
trated in Fig. 1, was developed to provide a gram task sequence to establish design criteria
cost effective means for putting men and pay- is illustrated in Fig. 2. For the present
loads into earth orbit. The primary cost sav- paper, emphasis is focused on those tasks
ing feature of the design is the reuseability associated with water impact loads research
of most of the major elements Including the and loads definition.
two Solid Rocket Boosters (SRB's). The SRB re-
covery sequence consists of using parachutes
for deceleration purposes followed by tail-
first water impact at approximately 90 ft/sec ___

and subsequent retrieval at sea. Although
tail-first water entry takes advantage of the
greater hydrodynamic drag of this mode of entry
to minimize penetration depth and associated
hydrostatic case pressures, it subjects the
nozzle, aft skirt, and aft bulkhead to tremen-
dous impact pressure loads.

SOl NI[ |ERIE

Fig. 2 - Integrated Analytical and
Experimental Program

1 IEWAL TAN Of particular interest and importance were
S--D ROC''K•,n, sthe 8.56% scale model water impact tests con-

ducted at the Naval Surface Weapons Center in

which extensive measurements of pressures,
forces and accelerations were made during the
various phases of water penetration. The

Fig. 1 - Shuttle Vehicle Configuration hydrodynamic phenomena studied included the
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dynamic behavior of water in the annulus be- Fig. 4, rapid penetration of the SRB creates a
tween the aft skirt and the rocket nozzle, in- large, open cavity surrounding the tail of the
gestion of water through the nozzle, cavity fur- vehicle. Prior to reaching maximum penetration
mation and collapse, maximum penetration depth, depth, this cavity collapses suddenly and gen-
rebound and slapdown. erates sharp, large amplitude pressures. Fig.

4 qualitatively illustrates the relationship
Froude similarity relationships, which were between the vehicle initial trajectory at im-

verified to be applicable for scaling the tran- pact, the asymmetry of the cavity, and the
sient loadings, were used to generate full location of the cavity collapse relative to the
scale predictions of pressure, acceleration, centerline of the vehicle. The upper sketch
and loads as functions of initial impact con- presents an example of impact conditions which
ditions. These results were used as the basis cause cavity collapse and peak pressures to
for water impact design loads definition, occur in the region behind the vehicle. A more

critical case is presented in the lower sketch
One of the most significant loading events in which the cavity collapses on the vehicle

from a structural design viewpoint, and the surface thereby inducing extreme, sudden pres-
subject of this paper, is the sharply transient sures and loads.
pressure exerted on the motor case and aft
skirt upon collapse of the external cavity
generated during vehicle water penetration. To
withstand these pressures, the aft motor case
is stiffened by external, circumferential
stubs and rings as shown in Fig. 3.

ET ATTACH CAVITY COLLAPSE CAVITY COLLAPSE
RING STIFFENER STUSE STIFFENER RINGS

AITCH INERTIA K 106 SLUG-FT2

CASE SEGMENT
JOINT (I1 PL)

144.00.A.

tI If

1 3 11 I[

TRI AXIAL ACCELS EXTERNAL CASE
AT Fwo. MID, AND PRESSURE GAGES
AFT LOCATIONS 4 PER STATION.

4 AXIAL & 4 TANGENTIAL
STRAINS AT STATION. 1761

Fig. 3 - SRB Water Impact Configuration

The recent flight test of the Space Shuttle
System (STS-1), where both boosters were suc-
cessfully recovered, has provided the oppor-
tunity to analyze the validity of cavity col-
lapse pressure predictions through direct com-
parison with full scale measurements. VS / *..A LATI.. 'AMO

The present paper briefly discusses the
significant cavity collapse loading phenomena
observed ano measured on STS-1 relative to pre-I.O L '" "
dictions based on the model tests. The dis-
cussion includes applied loads comparisons and
a structural response summary. ""M"

CAVITY COLLAPSE DYNAMICS

The various phases of the water impact phe- Fig. 4 - Cavity Collapse Dynamics
nomena associated with tail-first entry of the
SRB configuration have been extensively studied High speed photographs of the collapse
in s'-ale model tests (1) and (2). As shown in phenomenon in this case show that the initial
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water contact occurs at a longitudinal station 165 psig is objerved at a circumferential loca-
forward of the aft skirt, with subsequent, rap- ,. tion of 9 - 45" at station 1765-inches. Shortly
id fore and aft propagation of the wetted sur- *afterward a smaller peak pressure is observed
face. Below the point of initial contact, the ;at the same circumferential location at station
closing cavity impinges downward on the flared 1637. Correlation of these data with the ini-
aft skirt generating an initial downward axial tial conditions at impact, and acceleration and
acceleration followed by a net forward or up- rate data suggest that cavity collapse occurred
ward acceleration. Also, centerline asymmetry on the surface of the vehicle in the Spproximate
of cavity collapse induces lateral accelerations circumferential range between 0 a -45 to +1350.
in the vehicle.

All other pressure data at other circumfer-
STS-1 SRB INSTRUMENTATION AND MEASUREMENTS ential locations shows gradual increases prior

to the instant of cavity collapse, indicative
On the STS-1 flight, the cavity collapse of a wetted keel-side surface with increasing

event was recorded by means of 8 pressure tram- depth of immersion or penetration. The instant
ducers placed on the external motor case walls of cavity collapse on these traces is indicated
at longitudinal stations 1637-inches and 1765- by a slight increase in pressure coupled with
inches, as illustrated in Fig. 3. Three other an unexplained oscillation. The pressure fluc-
pressure transducers located to measure ex- tuation approximately 0,5 seconds ahead of cav-
ternal pressure on the aft skirt of the right ity collapse at 0 - 225' for both measurement
SRB were found to be non-functioning at the stations is thought to be wave slap from ini-
moment of impact. Additional instrumentation tial impact.
included 4 axial and 4 tangential strain gages
located at station 1758-inches, lateral and Circumferential plots of the pressure meas-
axial accelerometers, and tri-axial rate gyros. urements at the instant of cavity contact at

station 1765 are presented in Fig. 7. At this
At the moment of water impact, sea condi- instant, the cavity has not yet contacted the

tions were very calm with a wind speed of ap- surface at station 1637, which 8xplains the
proximately five knots. Vertical velocity at zero pressure reading at 0 - 45 . The solid
impact was estimated from pbotographic data at lines represent the predictions based on model
92 FPS. The angle of impact was &pproximately tests. Also included on Fig. 7 is the cavity
zero degrees. Acceleration traces for the collapse longitudinal pressure distril 'tion as
STS-1 SRB impact are presented in Fig. 5. These measured and predicted. The STS-1 data shows
graphs show axial and lateral acceleration time a perceptible shift forward resulting from
histories relative to launch time, T . Each greater depth of penetration at the onset of
trace shows the high "g" level of initial im- cavity collapse than predicted from model tests.
pact, followed by the cavity collapse event, The greater penetration of each booster occurr-
occurring about one second later. Significant ed because of unexpected and significant re-
vehicle elastic response is evident in each ductions of internal case ullage pressure at
trace. The lateral acceleration levels meas- impact, as shown in Fig. 8. These pressure
ured are consistent with predictions based on reductions and the subsequent reduction in
model data for the observed initial conditions bouyancy were caused by quenching of the hot
at impact. The axial accelerations are ap- 011age gases as water sprayed through the rocket
proximately 20% lower than predicted. nozzle on impact.

LEFTSM RIGHT888 Figure 9 is a pictorial assessment of the
Is )+Qs_ T, 4. water impact damage on each aft motor case and

AXIAL. | MAX skirt. This diagram includes both initial
AXIAL_ - -- impact internal and cavity collapse externalSIvLLI IE C damage. As a result of cavity collapse loads

101 CA•VITY ... and the structural destabilization caused by
AIACL O lower ullage pressure, extensive ring damage
..... , ... ....... AXIALACCELERATION occurred on both SRB's in the form of sheared

bolts which fastened the rings to the motor
case. In addition, motor case permanent de-

101 _flection or dimpling was observed on the lefti.._"" . ........ ... SRB.
LATERALACCELERATITN Fig. 10 presents the strain data which

indicates a partial shell buckling at cavity
collapse.

Fig. 5 - SR9 STS-l Water Impact
Accelerations

Fig. 6 shows the time history of pressure
measured on the aft motor case of the right
SRB. A sharp pressure pulse of approximately
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Fig. 9 - SRB STS-1 Water Impact Damage Summary
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Fig. 10 Left SRB STS-1 Aft Case Segment Strains

SUMMARY

Measurements obtained from the first Space
Shuttle Solid Rocket Booster indicate high water
impact cavity collapse pressures consistent
with the preflight predictions which are based
on scale model test results. Cavity collapse,
however, occurred at a deeper penetration depth
then predicted. This was due to the high in-
ternal case ullage gas temperature which caused
a significant pressure drop at impact of -10
psig on the left SRB. Although some damage was
sustained due to cavity collapse loads, the
motor case has been deemed reuseable.
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SPACE SHUTTLE SOLID ROCKET BOOSTER REENTRY
AND DECELERATOR SYSTEM LOADS AND DYNA4ICS

RICHARD MOOG
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NASA/MARSHALL SPACE FLIGHT CENTER
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Recovery of the Space Shuttle Solid Rocket Boosters required development of
a heavy duty large decelerator subsystem. Successful recovery of the first
launch pair of boosters demonstrated the adequacy of the design. Flight data
consisting of accelerometers and parachute attach point loads provide a basis
for evaluation of the decelerator subsystem performance. These results are
summarized and compared to preflight predictions.

INTRODUCTION

The Space Shuttle system employs two re- acceleration conditions. The first Space Shut-
usable Solid Rocket Boosters (SRB). After burn- tle flight, which included the successful sta-
out, these SRB's separate from the External Tank bilization, deceleration, and recovery of both
and coast to apogee at over 250,000 ft. altitude. SRB's, verified that the DSS design was ade-
The SRB's, shown in Fig. 1, approximAtely quate.
145 ft. long and 12 ft. in diameter, reenter in
a tumbling mode. As the aerodynamic pressure SYSTEM DESCRIPTION
increases, the SRB trims in a coning motion to
a high angle of attack broadside attitude. At The OSS, prior to deployment, is stowed in
between 16,000 to 15,000 ft. altitude, deploy- the nose cone compartment of the SRB as shown
ment of the SRB decelerator subsystem is initi- in Fig. 2. Deploymenf is initiated by separa-
ated by separation if the nosecap. The decel- tion of the nose cap i.llowed by pilot chute
erator subsystem (DSS) is used for stabiliza- inflation as shown in Fig. 3. The pilot chute
tion and deceleration to a terminal velocity of is used to deploy the drogue chute, which, in
approximately 90 ft/sec of the spent 175,000 lb. turn, stabilizes the SRB by rotation to a tail-
SRB. first attitude and decelerates the vehicle in

preparation for main chute deployment. At an
altitude of approximately 6,500 ft., the drogue
chute pulls the frustum from the SRB while de-
ploying the main chutes contained within the
frustum. The configurations of the 11.5 ft-Do

Is. IKIIA

Fig. 1 - SRB Reentry Configuration I

The deployment of the DSS Induces high
structurally critical loading conditions to the •u .. ~ i
SRB frustum and forward skirt. The design of
the subsystem and deployment sequencing had to
accommodate several constraints imposed due to
shell buckling, tension loadings, and dynamic Fig. 2 - Decelerator Subsystem Installation
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pilot chute, the 54 ft-D drogue chute, and the
115 ft-) main chutes aA4 shown in Fig. 4. To
alleviate high loads, the drogue and main chute M WM O

systems have two stagets of reefing.

I..IIW S Wf %I W

Fig. 4 - Plot, Drogue, and Main Chute Geometry

REENTRY DYNAMICS occurred during the maximum dynamic pressure
region of reentry as illustrated in Fig. 7.

The first Space Shuttle launch (STS-1) oc-
curred on April 12, 1981, from the Kennedy DECELERATOR SUBSYSTEM PERFORMANCE
Space Center. The reentry profile for the
right SRB shown in Fig. 5 was obtained from Tables 1 and 2 summarize the DSS perfor-
shipboard radar and photographic coverage. mance ana chute loads experienced during the
The SRB separated at an altitude of 173,000 ft. STS-1 flight test. Trajectory data was avail-
coasted to an apogee of 270,000 ft, then re- able only for the right SRB. The significant
entered to a maximum dynamic pressure of 2,000 events of nose cap separation, frustum sep-
psf at an altitude of 40,000 ft. Plots of pre- aration, and water impact took place within
flight predicted vs. actual flight altitude, the preflight predicted ranges.
Mach number, dynamic pressure, and angle of
attack are presented in Fig. 6. Time histories containing the total meas-

ured parachute load traces, shown in Fig. 8,
The peak SRB axial deceleration of 5 g's indicated that the peak drogue chute load of
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Fig. 6 - Right SRB STS-1 vs. Predicted Reentry Characteristics

of 275,000 lb. experienced on STS-1 was slight- was well under the parachute design limit load
ly hligher then the parachute design limit load value of 174,000 lb. Some revision to the
value of 270,000 lb. and occurred during second main chute first stage reefing area, however,
disreef while going to the full open condition. is warranted in order to achieve a better
This load is reacted at the nose cone frustum balance of the three main chute load peaks.
by twelve attach fittings. T*ie SRS structural
load capability is a function of the relative SUI4ARY
angle between the SRB and the drogue chute lIcd
vector. High lateral load components are crit- In summay, the STS-1 SRS reentry charac-
ical for the forward skirt buckling condition teristics were as predicted. The maximum ve-
whereas high axial load comonents ore critical hicle deceleration occurred during the maxi-
for the frustum tension condition. The drogue sam dynamic pressure regime of reentry. The
chute loading conditions experienced during pilot, drogue, and main chutes deployed and
STS-l fell within thesi SRI load constraints. inflated successfully. The deceleration sub-

system loads ware within the preflight pre-
The main chute cluster total peak load of dicted ranges. Terminal SRI imiact velocities

"446,000 lbs. fell well within the SRB forward of 92-93 ftlsec ware experienced. In con-
skirt tension load constraint of 522,000 lb. cluslon, the STS-I flight demonstrated the
This peak loading occurred during the first adequacy of the SRS decelerator subsystem.
disreef. In addition, the peak single main
chute load of 158,000 lb. experienced in STS-1

MAX a NWos CAP
REENTRY uap. pt

4 a IMPACT4

MAIN PHAN -

0

320 3L 4;0ga

340I U u o i

TIME (SMi

Fig. 7 - Right SRB STS-1 Axial Acceleration
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TABLE I
3111 STS-1 D~eelrator Subasitem Perfommnce

PING T W I PLIHT

am mm
ALTI"MS - T.14AN3 MW62 MM16 N/M 15.35

OVINAMcRUMnwu-11, 1s. ale am w"1?

Tim p PROM PIUMNE-0110.0 Ssi 3U an? 3"ms V1.

ALTITUDE - PT. 5.353 G.240 mW wit SAN

DYNAMIC PORIMMU-11 III 12am 131 Nwit 120

TME PROW 1EPERENCE - EEC.'3 34 4U2 31.1410 U&35

TIME PROM R1piPteRN - NEC.* 401 419 43 42"m 425"

IMPACTVELOCITY - PJEE U3 a 111 U.?f 91.6

N/f - RAOAR TRACUING OF LEPT IRS NOT ACHEVED

"TOMN CANOPY

TABLE 2
SRS STS-1 Parachute Loads SuwivYY

PREOICmE MEASURE
PADIIO IN NOM MAX LEFT RIGHT

DROGUE - 1ST STAGE 140 176 259 1in 14

2ND STAGE 0I 231 276 251 219

3RD STAGE 210 241 2I0 215 256

MAIN - 1ST STAGE 91 114 13n 1wlUi" 04k-4106

2ND STAGE 10t it 130 113.15044 154137-155

3R"D STAGE 173 124 1160 12-110-116 10-12-1041
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D2USISS1

Voice How was the impact velocity of the sol-
id rocket booster masaured?

W- ZOh&: The impact velocity was seasured
from the Vandenberg radar tracking data, the
Vandenberx tracking ship and by photographs.

Vuice Was that accurate within a millisec-

Mr. agos 1: The rcdar track im very accurate.

VoIce." Did you have anything to measure the
watet entry impact? What frequency range
could you measure on Impact?

Sn The rise time for that spike you
saw on the acceleration for water Impact is
about 150 - 200 milliseconds. It is not a
shocks It is a lower frequency than that.
Agai, we are good foz 200 Ha on that system;
It is a flight system.

Voice: Is a 200 Ha system accurate?

Mr. Kroua: Yesý It is adequate for our needs.
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INVESTIGATION OF SIDE FORCE OSCILLATIONS
DURING STATIC FIRING OF THE SPACE SHUTTLE

SOLID ROCKET MOTOR

M. A. Dehrir."
Thiokol Corporation/Was .ch Division

Brigham City, Utah

Low frequency oscillations in measured side forces have occurred
during static testing of the Space Shuttle Solid Rocket Nator. An
investigation was undertaken to define a forcing function to
simulate the effect of these oscillations In vehicle loads studies.
This paper summarizes data analyses and analytical studies
conducted during this investigation.

INTRODUCTION DISCUSSION

During development and qualification of the The SIN was developed by the Wasatch Divi-
Space Shuttle Solid Rocket Motor (Sill). seven sion of Thiokol Corporation in conjunction with
motors were static fired. Each of these motors the National Aeronautics and Space Administration
exhibited oscillations in lateral forces measured (NASA) under contract NAS8-30490 and was sponsor-
by load cells located at the forward and aft ends ed by NASA/Marshall Space Flight Center. The
of the motor in the static test facility. These lateral force oscillation study was conducted
oscillations were present throughout the motor under Technical Directive No. 131 issued by
burn, including periods during which the nossle Marshall Space Flight Center.
was not being vectored. The frequencies and
magnitudes of these oscillations were of interest The Sif is approximately 125 ft long and 146
with respect to vehicle loads. A study was in. in diameter. Weighing approximately
undertaker to determine, If possible, :he 1,250,000 lb at ignition, it consumes about
necharism causing the oscillations and also to 1,110,000 lb of propellant and develops a maxismm
define a forcing function to simulate the effect thrust of nearly 3,000,000 lb during its 120 sec
in vehicle loads analysis. The intent of this burn. The motor to fabricated In four segments,
paper is to summarlse the study into the lateral with the motor case made from 0.5 in. thick D6AC
force oscillation question conducted at Thiokol. steel. The propellant grain has a center port
Full documentation of this study say be found in design with a star configuration In the forward
Ref. [Il. end of the forward segment.

, • -• •. .: ... . .. . .. ..

Fig. 1 - -1 prior to static test
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Fig. 9 - SRM in test stand (simplified for clarity)

lations are commanded; and (3) a comparison of as a multi-point excitation, would produce
the frequency trends in the side force data with oscillations In lateral forces in the model of
predicted lateral vibration modes of the motor In the sawe magnitudea as observed In the static
the test stand showed very good frequency cor- tests.
relation throughout the motor burn.

These observations led to the conclusion ATETICA MODEL
that the oscillations present in the side force A mathematical model of the motor in the
measurement data were attributable to the re- static test facility was developed to study the
sponse of structural vibration modes of the motor low frequency dynamics of the static test con-

low frqunc dynmic staf tho statll testtde condoin the test stand to small amplitude, random figuration. The model was developed using finite
perturbations in the pressure field inside the element modeling techniques and the KASTRAN coi-
motor and in the flow field through the nozzle. puter code. A simplified representation of the

Additional data analysis was then performed motor in the static test facility Is showt In
in order to characterize the side force oscil- Fig. 9.
lations in the form of Power Spectral Density (PSD) As only fundamental transverse and axial
functions. PSDs were generated from forward let -
eral force (F003) and aft lateral force (FO05)meas- modes were of interest, a shell model of the
urements from EM-1 and MI-2 for each 5 sec time motor case was not considered necessary. C0nse-
slice from 40 to 120 sec. The PSD response level quently, the motor case was modeled with a series
for each of the first four lateral modes was det- of bar elements having stiffness characteristics
ermined for 1003 and 1005 for each'. sec time equivalent to the motor case. It was assumed
slice. The data were grouped in the following that, for the fundamental modes, the propellant
time periods to correspond to the model times: could be considered to be rigidly attached to the

motor case; thus, only the mass contribution of
TIME PERIOD (see) MODEL TIME (see) the propellant was considered. The mass distri-

bution of the motor case and propellant was saim-
40 to 60 50 ulated by concentrated masses at the grid points
60 to 90 75 representing the motor case.
90 to 110 100

110 to 120 End of Burn Twenty-four bar elements, located along the
motor centerline, connect the 25 grid points

For each time period, a nominal response was representing the motor case. Mass distributions
calculated by averaging the responses from each 5 for five motor burn times were modeled. These
sec time slice contained in the period. This were: ignition, 50 sec, 75 see, 100 sec and end
calculation was carried out for each of the first of burn.
four lateral modes for both F003 and FO05. After
calculation of a nominal response, the standard The nozzle assembly was modeled as a concen-
deviation, for each time period, was calculated trated mass with scalar springs providing 5 deg
for each of the first four lateral mod3s for both of freedom with respect to the motor case. The
1003 and F005. nozzle actuators were modeled with rod elements.

An analytical effort was then undertaken to The thrust adapter, connecting the motor to
determine a random spectrum which, when applied the forward test stand, wae modeled with concen-
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trated masses, bar elements, and rigid connec- dicted by the model. Most of these, however,
tions. were dominated by shell activity which Is not

reproducible by a lumped parameter beam model.
The test stand was considered to be a major In the modal survey test, many of the beam modes

influencing factor on the fundamental axial and were modified by shell activity and local defor-
lateral modes of the motor in the test ftcility. nations, but the basic beau mode shapes were
The test stand, consisting of forward and aft obtained by the simplified model.
components, w.s a complex structure consisting
primarily of large rigid masses supported by a Although reasonable correlation was achieved
complex arrangement of load cells, flexures, and between the modal survey configuration model and
struts, as shown in Fig. 10. Both the forward the modi. survey test results, when lateral mode
and aft test stand were modeled with a series of frequencies at various burn times from the models
grid points representing the load string attach- were compared to the frequencies contained in the
ment locations. Each of these grid points was lateral force measurements obtained during static
rigidly connected to a grid point representing testing, some anomalies were noted. As the la-
the mass center of the test stand component. teral modes were of primary interest in this

study, an adjustment was made to the model to
Following the static test firing of DN-3, a improve the correlation in this area. The com-

modal survey test was conducted on the burned out parison of the first four lateral mode frequen-
motor while It was still in the test stand, Ref. cies from the model to the static test data is
[3]. This test was conducted by Structural shown in Fig. 11. The natural frequencies and
Dynamics Research Corboration of San Laego, modal identifications for modes up to 16 Hz are
California, and coordinated by Rockwell Inter- summarized in Table 1L
national/Space Division. In this test, natural Additional correlation of the lateral modes
frequencies, mode shapes, and damping factors for theimodel w osre sen during static
modes up to 50 Hz were experimentally measured. in the model with those present during static

testing of the motor was shown by comparing the

The end of burn math..aatical model was modi- phase relationship and relative magnitudes of the
fied to represent the configuration that existed forward and aft lateral force responses from the
during the modal survey test. Major changes to model and the test data. This comparison is
the basic model consisted of the addition of the shown in Table 2.
external tank attachment ring and the new nozzle Within the limits of the modeling approach
mass properties representative of the nozzle taken, correlation of the model with available
assembly after severance of the aft etit cone. takenmcorrlatIn ofth gode
Natural frequencies and mode shapes were calcu- experimental data is very good.
lated using the modified model and compared to FORCING FUNCTION DEVELOPMENT
the experimental frequencies and mode shapes.
Adjustments were then made to the model until a The development of a random forcing function
reasonable correlation was achieved. Not sur- to represent the excitation sources acting on the
prisingly, several modes of vibration were noted motor due to the combustion process was a rel-
during the modal survey test that were not pre- atively straightforward process, but was based

* k YAW ~M
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3. CALIBPAT ION LOAD CELLS ARE
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Fig. 10 - Test stand arrangement
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Fig. 11 - Comparison of lateral mode frequencies from Fig. 12 - Recomeuended input spectra
revised model to static test data

upon several assumptions. The fundameatal as- For our problem we have assumed that Sa (W) is
sumption made was that the actual excitation in the same for all a.
the wr tor during operation was random in nature.
This .umption is supported by the fact that the Therefore, Sj (w) - Sa (w) I E Hja ()l 2
struct,. responds In several of Its normal a

modes, ukilch suggests excitation across a broad From this we can say that
band. It was further assumed that the excitation
of the structure occurred throughout the motor Si (W)
bore and over the nozzle flow area. While this Sa (w) 1 2
assumption In itself is probably valid, no data - Ha
were available regarding the spatial variation of
the forcing function spectrum. It was therefore The solution of this equation required the devel-
necessary to also assume that the excitation opment of a set of frequency response functions
spectrum was the same at all " :ations. It was and the PSDs of the measured responses.
also assumed that, except f( iavng the same
spectrum, the forcing functiuns acting on the For simplicity, both in this study and in
structure were statistically uncorrelated. In future vehicle loads analysis, it was assumed
actual fact, there probably Is some degree of that reasonable results could be achieved by
correlation between forcing functions at differ- applying excitation at six locations along the
ent locations, however, no data were available motor length. Grid points were chosen as exci-
concerning the correlation from one location to tation points in our model whose locations corre-
another. sponded as closely as possible to grid point

locations in the vehicle loads model. The grid
For multi-point random excitation, given points chosen and their correlations with loads

that the forcing functions are uncorrelated, the model grid points are shown in Table 3.
PSD of the response at a point J is given by

Frequency response functions were calculated
Sj ( r) = E R. .) 2 S for the lateral force response at the forward and

a aft lateral force measurement locations due to a
sinusoidal force in the lateral direction at each

Where: of the six Input points. These frequency respon-
se functions were calculated for burn tires of
50, 75, 100 sac, and end of burn.

Sa (w) - PSD of the excitation at r2Int a Damping used in the model for calculation of
the frequency response functions closely envel-

Hia (W) - Frequency response func# - opes the modal damping measured during the modal
point J due to an excitsa..n at survey test. This damping is conservative at end
point a of burn but may Introduce some nonconservatism
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for early burn time. The damping values used, TABL3 2
input as structural damping coefficients, variedlinearly fro2m g * 0.06 at 0 Ba to £ " 0.02 at 20 Comparisoc of Phase RelatiLonship and MagF, tude Ratio
Ha and then regained constant a0 a t 0.02. of Aft End Response (7005) to Headend Response (PO03)From Experimental Data and MathamaticAl Model

For each of the first four lateral modes, ...........
the input PSD level required to obtain a response NV FM V? " ikr P HA ml
from the model equal to the nominal value obtain- I. . . 12 ..s. A . J
ed from the test data was calculated. This cal- a LU N &u IN L. 4 L"
culation was carried out for each of the four a &a -11 in lp k m LA
model times (only the first three modes were used a N . us IN .n I t
for end of burn) for both head end and aft end a 4,1 . Le IN its a Li
responses. The required input levels were envel-
oped by a 4 dB/oct line from 1.0 to 20.0 H t4 to 1 LV t5 4 LU
obtain the nominal input spectra for use in the 4 t.o .101 LU & 4 M LN
vehicle loads analysis. This process was repeat- 94 m I Ln s %. a L9
ed using 3 sigma response values to establish 3 94 1Lu L0 0 N L It LIS
sigma input spectra. The nominal and 3 sigma
input spectra for both early and late burn times -DTAweAALsIoCED'guREaSmS nca yIRSmOuI
are shown in Pig. 12. These random functions *TmNmINAe001 INR00T1 4 W
should be applied at each of the six input lo-
cations in both transverse axes. These input
spectra were supplied to Marshall Space Flight TABLE 3
Center for inclusion in flight vehicle loads
analyses. Excitation Locations

CONCLUSIONS SU STATION CORsP@50 • LONSCNlSNI 0 STATION

The low frequency dynamics of the Space -x
Shuttle SRM in the static test facility are 05. 8
adequately represented by a beam model. Good LimeI
correlation was achieved between mathematical LSILOO LEI
model results and modal survey test results for
low order bendinp modes of the motor in the test
stand. Good correlation was also shown between Loan
the frequencies evident in the lateral fore* data
from the static tests and the predicted natural
frequencies of the lateral vibration modes of the
motor in the test stand. This correlation hold RUfEURNCES
for all five burn times modeled.

1. M. A. Rehring, "Investigation of Side Force
While it cannot be conclusively shown that Oscillations During Static Firing of the

random pressure oscillations inside the motor Space Shuttle Solid Rocket Motor," Thiokol
are, in fact, responsible for the observed side Corporation/Wasatch Division Rpt TWR-12996,
force oscillations, the available evidence does 24 Nar 1981.
support this supposition. The forcing functions
defined in this study, when applied to the static 2. "Test Plan for Space Shuttle Development
test model, produced responses ot similar magnitudes Motor No. 4 Static Test," Thiokol
to those observed during the static tests. Corporation/Wasatch Division Rpt TWR-11752

(CD), Revision A, 1 Feb 1979.
TABLE 1 3. "Test Results for Solid Rocket Motor D)--3

Measured and Calculated Natural Frequencies Modal Survey Ground Test," Structural
TEST ANALYSIS Dynamics Research Corporation/Western

FUQUICYINZI MeQNCYA1 ,IMMM Operations Rpt, SDRC Project No. 1531, 1 Dec
4.4 S." LATERALMKI 1978.
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DICSOIZOA
II• hubert thalwallialeak 8.ll Daiwariitv~a

Did you find that oe Of the ttanfer funtio
dominated? You had six beaut points. Did you
use an averaging technique?

&aNIhL Is. We treated the input level
of each location as though It were the same In
thie study. We did do non othet response
analyses using single point excitation. We
found that an input at one location save a
msch stronger response than at another location
for eme of the mode*.

W, S-urnacivan (Northron RlatUanLcs)t Why
did you assi an uncorrelated distribution of
the forcing function?

W D.binat It was the only option open to us
at that time. We had so way of defining the
correlation functions from one point to anoth-
er. There is probably same correlation be-
tween the points, but unless soembody were to
do some pretty detailed work on the internal
gas dynamics in the motor, I don't think we
have any way of defining them.

Mr. Zurnagiyan: Was that for aiuplifici .joan

Mr.JgBexru.L Yes.
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SPACE SHUT TLE DATA SYSTEMS

DEVELOPMENT OF AN AUTOMATED PROCESSING AND SCREENING SYSTEM

FOR THE SPACE SHUTTLE ORBITER FLIGHT TEST DATA

D. K. McCutchen
National Aeronautics and Space Adminlstwation

Lyndon B. johnson Space Center
Housoon, TX

1. F. Brose
Lockheed Engineering and Management Services Company, Inc.

Houston, TX

W. E. Palm
McDonnell Douglas Corp.

Houston, TX

One nemesis of the structural dynamist is the tedious task of reviewing
large quantities of data. This data. obtained from various types of instru-
mentation, may be represented by oscillogram records, root-mean-squared (rms)
time histories, power spectral densities, shock spectra. 1/3 octave band analyses,
and various statistical distributions. In an attempt to reduce the laborious task of
manually reviewing all of the Space Shuttle Orbiter wideband frequency-modu-
lated (FM) analog data, an automated processing system was developed to perform
the screening process based upon predefined or predicted threshold criteria.

INTRODUCTION The volume of data to be reviewed and analyzed
for such a large number of measurements would be

The Orbital Flight Test program for the Space more than 25,000 plots or graphs. Unless an abundance
Shuttle defined requirements for the analysis and evail- of qualif led analysts were available to review the data,
uation of enormous quantities of flight test data. The the workload created would cause a significant impact
data is acquired via the Shuttle Development Flight at any organization. Therefore, In order to accomplish
Instrumentation system and includes up to 525 chan- the analysis with existing personnel, the reviewing
nels of wideband Frequency Modulated/Frequency process was automated.
Multiplexed analog data for each of the four orbital
flight tests. Epch channel contains data acquired from A team of engineering personnel critically
accelerometers, microphones, strain gagei, or pressure Involved In analyzing the Shuttle structural dynamics
transducers and has a frequency bandwidth that varies data developed the Shuttle Wideband Analog Proces-
from 50 Hz to 8 kHz, with the majority having a 2-kHz sing System (SWAPS), which provides the structural
bandwidth. dynamist with a method of analyzing large quantities

of Shuttle flight test data by automating portions of
The requirements for such large quantities of the analysis process, thereby reducing the laborious

flight test data stemmed from the need to: task of manually reviewing all of the data records. The
basic concept is to screen out data that is of no imme-

"• Verify or update vibration, acoustic, and shock diate concern by automatically comparing the data to
speci•ications. 'thresholds of interest' and only continuing the analy-

sis process on the data that exceeds these thresholds.
"e Provide data to certify the vehicle pIso and

flutter free.
SYSTEMS REQUIREMENTS

"o Provide flight load information for large com-
ponents and their secondary structures. The basic data available to the dynamist for the

structural evaluation is oscillogram records, rms time
"* Verify the adequacy of the ground test program histories, power spectral densities, mean-squared spec-

for sonic fatigue. tral distributions, shock spectra, 1/3 octave band anal-
yses, and various statistical analyses. The SWAPS

"• Determine if any anomalies have occurred on the automated review procuss is limited to data in digital
flight which must be resolved prior to the next form; oscillogram records require manual review.
flight. Inputs to the system include the following items:
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"* Recorded wideband FM/FM multiplexed analog in utilizing the existing capabilities, minimum soft-
tapes. ware development was required. The resulting system,

however, requires snme manual interface and coordl-
"* Calibration Infoimation, nation between major system functions.

"* A fIle containing flight parameters such as Mach
number, dynamic pressure, and angle of attack FUNCTIONAL SPECIFICATIONS
versus time.

The SWAPS (figure 1) is Comprised of three functional
"e Specifics regarding each transducer's structural capabilltiest

location and expected response characteristics.
a Analog-to-digital processing.

"* A table of mission events, such as liftoff and
maximum dynamic pressure (max Q). o Transient and steady-state wave analysis pro-

cessing.
A stand-alone system to both process and

analyze the data obvious'v would have been dsiirable, * Screening, display, and data base maintenance.
but one of the system constraints was to utilize the
existing hardware and software capabilities of the Operationally, the analog-to-digital processing
Cential Computer Facility at the Lyndon B. Johnson system performs all analog-to-digital conversions,
Space Center. Included in the Central Computer generates oscillograms, performs the process of
Facility is the telemetry ground station, which screening the data for transients, and produces rms
provides analog-to-digital processing and produces a time history data. The transient and steady state
digital tape compatible with existing wave analysis wave analysis software generates data in the fre-
software implemented on the facility's large quency domain; i.e,. power spectral densities (PSD's),
mainframe computer systems. Remote terminals, cur- 1/3 octave bend analyses, and shock bpectra. The
rently available on the Central Computer Facility screening, display, and date base maintenance function
systems, provide the users with the capability of performs the screening and display of rms time history
processing data in che "demand' mode for immediate and frequency domain data, as well as all necessary
results or submitting runs for scheduled batch output. peripheral data management functions.

ANALOO-TOIOIITAL OONVERSION 0 M-QUIiCKALOOK O-CILLOGRAM StORAGE

PPL - PREFLIGHT LIURARY WAVE
FDL - FLIGHT DATA LISRARY ANALYSIS TEKTRONIX 4014
FPF - FLIGHT PARAMETER FILE TAPE
SRF - SSREEN REPORT FILE

Figure 1 - SWAPS system diagram
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Initially, quick-look, tow-speed oscillograms by the analyst to specify a flight prof ile for each
(0.2 in. per sac) ar* used to perform cursory screening sensor. because each Sensor ama satisfy multiple
of data to eliminate further processing of anomalous flight Test Requirement (FTR) specifications. dlf
instrumentation and Identify time periods where indi- ferent threshold levels can be assigned for each
vidual measurements should not be proctessed These mission eve t s0 that the screening threshold can be
measurements are then digitized at preselocted rates variled. The system then selects the minimum values
dictated by the f requency response of each Instrument, unless the prof lie for a specific F T I is requested.
and rms tiumi history data Is computed. Since flight
date tends to be nonstationary, rms vaiues are com- fin addition to the rms time histories, the crest
puted over contiguous time Increments of 0.4 see. factor Is computed for each ftis Interval and Is

screened for values within the 1.4 to 4.0 range. Values
The rms time history is then compared to a greater than 4.0 reflect transient data or electrical

shuttle flight screening profile (figure 2)L which Is noise; values lIns than 1.4 Indicate data that appears
constructed from the minimum rms threshold for each to have a square wave form. The distribution of the
mission event identifiled in the flight profile. The cret factor data with respect to these limits Is used
mission events are def ined In a data base and are used as an Indication of data quality.

SOLID ROCKET MINIMUM
BOOSTER IGNITION COMPOSITE

H THRESHOLD

ASCENT MAX 0
MAI LIFT-OFF -

ENAINE
ENGINE ASCENT FTR.1)

A ASENT (FTR-2)

I -I
ENTRY (FTR2)

I 'I ENTRY MAX 0

.1 [I ~~DEFAULT_____ ______

0 I0 +T

TIME
F igure 2 - Flight screening proflile
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The output of the screening rcssIs the RMS would have been reqIre to retain the ems data on-
Screen Report (figure 3)6 it contain tesensor Idee line for each flight.
tificatien (MSID). tape number, mission event, time
Interval, data base threshold rms level, screening level The rms tame history Is used to select Intervals
applied as defined by the FTR source, data source of Interest for further processing through the statisti-
from which the threshold was obtained, statistical cal wae" analysis Processing program, which produces
distribution of the ring data. maximurr Instantaneous PSD and 1/3 octave band analyses. Spectral screening
and maximum rms values with twer associated times, thresholds, stored In the same data base as the rms
and distribution of the peak-to-rmis ratio Wcest threshold Weies. provide the same variation for
factor). If any rms value exceeds the threshold level, mission event requirements and FTR's. The flight data
a graphical representation of the rms data for the Is screened against an envelope spectrum which repre-
complete flight profile with an overlay of the sents the minimum threshold defined for any FTR for
threshold levels (figure 4) is produced. The peak-to- the mission event In which tim data Interval Is
rms ratio data (figure 5) Is also plotted. contained. The system automatically selects this

envelope unless the user requires that a specific
The tabular results of the screening process are criteria be employed The threshold spectra specified

stored in a data base and can be recalled and displayed are derived fronm analyses or test data and may be
by the user on request. The rms time history data 1% modified as flight test data Is acquired. They are not
retained on tape rather than on-line mass storage. It limited in share, but generally reflect one of the
Is estimated that five million words of mass storaes several basic forms of envelopes shown In figure 6.
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F igure 3 - An R MS Screen Report for microphone V08Y9774 located on the verticai stabilizer
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PSD screening results are displayed In the Wave employed, vms level of the flight data, percentage of
Analysis Screen Report (figure 7). This report Is the envelope applied, data source from which the
similar In content to the rms resport. It contains per- threshold was obtained, statistical distribution of the
tinent Information Identifying the Instrument, time In- PS0 amplitude with respect to the threshold used, and
terval processed, rms level of the screening threshold maximum amplitude and corresponding frequency.

WA" AftAL1 lef i KEN1PM?
7.IGNT NO. - 31 DATE 11/34/I1, 158U1813

PISID - MD93440 SUBSTRUCTURE - THRUST SIR ZONE - it?
PYL DATA VISTRZ3UTION OF DATA as ATIRE Do DI PROILE PINERCUI OF SCREEN PROFII.

Rni DATA TAPE START-0 in onI SCREEN S as so 73 ISe MAX
Mr T" No STOP PeEA PEAK X SOMRE as 60 73 101 4- WVAE FVMS

DUAL? P53 XMAR 10111185S'U.SOO 13.1 1.4 10.0 awe; 93.4 1.1 6.3 0.1 0.0 .*a=s ISMS
iu611ss494i.900

ASCOIT P13 XMVS 11212113'S6U.611 15.1 5.S 50.0 RUMS 36.2 8.0 1.1 1.4 3.4 .40836 1708.3

ASCENT P13 NOUN 113 11838110.000 15.1 S.6 SO.0SY"US 73.8 10.6 4.3 1.8 3.S .10461 1761.2

ASCENT PI3 XMUU ioIa:MSP.00 15.1 S.6 See0 RMS M*a 10. 3.4 2.3 4.8 .74377 1341.1

ASCENT P53D MaIu 1"11816860.000 15.1 S.5 SO.$S UM 33.7 10.3 3.4 MS 3.6 .7a33 133.4

ASCENT P13 " 103133 :0Ia7,950.00 13.1 3.6 SO.@ SUM6 79.3 9.3 4.3 3.1 4.4 .44a63 1348.0
151' 1, 07 1, .M04

ASCENT POD NUNS 610113184140.011 13.1 6.7 .SM RUM 71.0 7.0 4.3 3.8 U.0 1.4 716.6
ASCENT P13D UMA 1S1S5a0M 15.1 8.4 S6.6 3366 77.S 6.1 2.6 1.9 10. 1.6 1427.9

161118800111.M0
ASCENT Poo NONlm 11Us1:4464jS.M0 15.1 1065. 6 B. USM 77.3 6.1 3.4 1.3 11.1 4.1 1347.3

ASCENT Poo N"M3 143113110130.000 13.1 9.9 SO.*SRUMS 76.1 3.3 4.0 1.1 3.4 3.3 131.3
l61181880113.0"

DUAL? P13 X17779 11111::11S: 13.1 1.3 3M. SUM5 98.9 3.7 3.8 3.6 3.1 .633141 1348.3

Figure 7 - Wave analysis screen report for P50 data for accelerometer V0809440 located on the thrust structure

48



If any PSD value exceeds the 100-percent level fUSSI EQ. - 01 Peft. to. VOWOWI twD OMQIN VONA, Mt a)l 16
of the threshold within the frequency range identlf led, '13j AN"& *10 Ii IStI
graphical outputs of the PSD (figure 6) and mean-
squared spectral distribution (figure 9) are produced.
Acoustic data being processed through the system is
compared to 1/3 octave bond thresholds. The same
control and variation of the threshold by mission event
and FTR are provided. The wave analysis screenrepor't for acoustic data provides the same content as
the PSD report. Again, if any data amplitude exceeds
100 percent of the applied threshold, a graphical
representation of the data (figure 10) is produced.

Transient data is processed In the system in -

much the same manner as the steady state data. The-
screening for transients utilizes the dirptized Input 1
data and compares the amplitudes to the peak thresh-W
oid level for the mission event specified. Again, theX
threshold level utilized Is the minimum for any FTR.
The output of the procedure consists of a tabulated list
of the time the threshold was first exceeded and the
time and amplitude of maximum exceedance. This
information Is used to select time Intervals for high-
speed oscillograms (8 in. per sec) and/or periods for
shock spectrum analysis processing.

Figure 9 - Mean-squared spectral distribution plot
for accelerometer VOSD9440
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Figure 8 - PSO plot for accelerometer VOOD9440 Figure 10 - A 1/3 octave plot of microphotie
located on the thrust structure V08Y9733 located on the elevon
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The screening procedure employed for shock (figure 11). If the maximum absolute response ampli-
spectra is basically the same as that previously tude exceeds the threshold, the graphical represen-
described for PSD and 1/3 octave screenlng. Shock tation of the maximum absolute shock response spec-
spectra are compared to thresholds contained In the trum (figure 12) is produced; the user also has the
data base for each measurement. The results are dis- option of having the excitation function (figure 13)
played In the Wave Analysi3 Screen Report format produced.

AU[E ALYSIS SCREEN REPORT

FLIONT NO. - ft DATE - 11184/81. 1583X36

111510 -USI7?? SUBSTRUCTURE - CREU MODULE ZONE - Z06

PFL DATA DISTRIBUTION OF DATA AS A
TIME Do 0l PROFILE PERCENT OF SCREEN PROFILE

fISSION DATA TAPE START/ MRs RNS SCRUE 0 25 so 75 1" MAX
EUENT TYPE NO STOP PEAK PEAK % SOURCE 2S 6O 75 *ff 4 VALUE FREG

DEFALT SHOCK 90465 1S821121"864.I" 0.000 16.6 10WO sum 0.4 4.0 0.6i . 0.0 Is$.@ 11.0 1i.?
i O812 010104.SO1

DEFALT SHOCK X11732 1021111sO1O4.06g 0.00"0 10.0 160.0 8UWS 0.0 0.0 0.0 0.0 IWO 12.0 18.0
1023 it1004.693

Figure 11 - Wave analysis screen report for shock data for accelerometer V08D9577 located in the crew cabin
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Figure 12 - Shock spectrum plot for accelerometer Figure 13 - Shock excitation function plot for
V08D9877 accelerometer V08D9877
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USER INTERFACE The plot menu (figure 16) provides the user with
options for plotting each type of data. Upon selecting

The screening and display subsystem is imple- an option, the plot default criteria defining the
mented on a UNIVAC 1110 computer system and is characteristics of the plot grid to be produced Is
executed in a demand environment via a TEKTRONIX displayed. The user may alter any default desired.
4014 graphics display terminal with hard-copy The data retrieval keys are then solicited; these define
capability. This subsystem is designated as the a specific data set to be extracted from the data base,
Wideband Analog Data System (WADS). An FR-80 or a specific plot to be generated from tape in the
computer output microfilm processor is available at case of rms processing. If composite overlay plots are
the Central Computer Facility to process any batch desired, additional data set retrieval keys are solil-
output created. The system diagram (figure 1) depicts cited. Otherwise, graphical results are produced as
the relationship between the three functional shown in figures 4, 5, 8, 9, 10, 12, and 13.
processes.

After the data has been digitized and the rms oi OPToNsI
wave analysis processing has been performed, the data I - iMS PLOT
is ready for input to the WADS. The WADS is tutoria 2 - SPLCI.3 OCTAVE) PLOT
in design and prompts the user to initiate a desirec 3 - PSD( AND MSI ) PLOT
process or function for all inputs required. The master 4 - SOCK( SPECTRUM AND INUT DATA PLOT
menu (figure 14) displays the functions available in the 5 - EXIT P
system. The 14 functions provide the user wl~h the
means of establishing and maintaining the data bases, ENTER OPTION i

producing listings of the screening results of data POD PLOT DEFAULTS
processed, providing catalogs of data available In the I P'E¢IOMONIC GRIOXYv, VALUE " LOGLOG
system, and performing the basic screening process In 3, FNE¢ * XMNA * VALUE * AUTO
both the demand mode and the demand-initiated batch 4. PNECM041C YRIIN VALUE - AUTO

5.: PEtOMIc Y',MAX VALUE * AUTOmode. Initially, rms and wave analysis tapes are proc- S, IEON•OIC XCYCLE, VALUE [ 3
essed using functions 1, 2, and 3 to perform the auto- 7. MNEONNIC YCYCLE. VALUE • 3

matic screening procedure and store the results. The ORE PLOT DEFAULTS ACCEPTABLE? V
user then selects the desired option. Function 10 is >)> ENTER TAPE ID (S CHAR) > xOOa
used to determine if a specific measurement or group >>) TAPE ID :s)>)xM$a2( OK C ENTER V OR h v
of measurements has been processed by the WADS; If ))ENTER MlEAS. ID c1a CI PAX) VSlD914R
so, it displays the results of the screening process.
The screen report log menu (figure 15) provides several M IS 1s )USIDDS44 0(? ( ENTER Y OR N V

options for the retrieval of data from the data base.
The output products are similar to those shown In
figures 3, 7, and 12, depending on the type of data >>)START TINE.))>le alae1a4e.eeW( 0K? (EHTER V OR M) V

requested. Graphical display of the data is produced ») ENTER STOP TI•E ( DDDiHH$ItSSiMSC 4131•105151.9410
by selecting master menu function 11 (figure 14). )>)STOP TIME[.)) )III i SI45h91.0eC OK? (ENTER V ON N) V

WADS MAIN OPTION MENU. ENTER OPTION (1-1S) OR C/N FOR MENU DO YOU VAN? TO OVERLAY MORE PLOTS? (V OR N

PoCESSING OPTIONS
a-DEMAND ANALYSIS SCREENING (RMOTERIL OUTPUT).
a-DEMAND ANALYSIS SCREENING (REMOTE OUTPUT). Figure 16 - WADS subfunctinn 11 (plot) options
3-BATCH ANALYSIS SCREENING.
4-PRE-FLIOHT LIBRARY CREATE.
S-PMR-FLIGHT LIBRARY EDIT,
S-FLIGHT DATA LMIRARY CREATE.
7-FLIGHT DATA LIBRARY CATALOG EDIT.
I-FLIGHT DATA LIBRARY COMPRESS.
3-SCREEN REPORT FILE CR*.ATE. SUMMARY

I-SCREEN REPORT SUMMARY.
It-PLOT.
12-FLIGHT PARAMETER FILE CREATE. Using the SWAPS to process data from the first
13-FLIGHT PARAMETER FILE EDIT.
14-PRE-FLIGHT LIIRA*Y TAPE GENERATION. Space Transportation System (STS-1) flight has signifi-
15-JOB TERMINATION, cantly reduccd the overall analysis effort. The manual
ENTER screening of the quick-look oscilograms reduced the

>10 sreigo h uc-okoclorm eue h
number of measurements 'to be evaluated by 15 per-

Figure 14 - WADS main option menu cent. The rnms time history screening process further
reduced the number of measurements requiring addl-
tional processing by another 40 percent. The remain-
der of the measurements were processed through the
transient and/or steady state wave analysis programs,

*S REPORT LIST OPTIONS St resulting in 600 PSD's, 125 1/3 octaves, and 150 shock
1. RESULTS BY MEASUREMENT FOR A SPECIFIC FTR spectra analyses.
2. RESULTS BY FTR FOR ALL MEASUREMENTS
3. RESULTS BY SUBSTRUCTURE FOR ALL MEASUREMENTS
4. RESULTS BY ZONE FOR ALL REASUREMENTS
S. RESULTS BY MEASUREMENT FOR ALL VALID FTRS The results provided the analysts with a con-
6. RETURN TO MAIN MENU densed set of data which exceeded predetermined
>ENTER OPTIC14 SELECTION 'thresholds of Interest'. This minimized the dilution

of effort and allowed the analysts to concentrate only
Figure 15 - WADS subfunction 10 on data which was pertinent to satisfying the Flight
(screen report summary) menu Test Requirements.
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DEVELOPMENT OF A VIBROACOUSTIC DATA BASE

MANAGEMENT AND PREDICTION SYSTEM FOR PAYLOADS

Frank J. On
NASA Goddard Space Flight Center

Greenbelt, Maryland

and

William Hendricks
Lockheed Missiles and Space Company

Sunnyvale, California

A data base management and prediction system called "Vibroacoustic Paylokid Environ-
ment Prediction System (VAPEPS)" has been developed to serve as a respository for
Shuttle or expendable booster payload component flight and ground test data. This
system is to be made available to the aerospace community for multiple uses including
that of establishing the vibroacoustic environment for new payload components. VAPEPS
data includes that spectral information normally processed from vibration and acoustic
measurements ( e.g., power spectra, sound pressure level spectra, etc. ). Results of develop-
ment to provide this capability by NASA Goddard Space Flight Center and Lockheed
Missiles aad Space Company are described.

1.0 INTRODUCTION A data base management and prediction system called
"Vibroacoustic Payload Environment Prediction System

Developing design and test requirements for the vibro- (VAPEPS)" has been developed to serve as a repository for
acoustic environment of a Shuttle payload, or that of an Shuttle or expendable booster payload component flight and
expendable booster, becomes a difficult problem when un- ground test data. This system is to be made available to the
certainties exist concerning the magnitude and spectral aerospace community for multiple uses including that of
characteristics of the environment itself. These uncertain- establishing the acoustic induced environment for new pay-
ties can exist because of unknowns associated with either load components. VAPEPS data includes that spectral
the acoustic excitation or the response characteristics of the information normally processed from vibration and acoustic
payloads. Attempts to define this environment analytically measurements (e.g., power spectra, sound-pressure level
have met with limited success and an empirical prediction, spectra, etc.). Time history data is presently not a part of
using data obtained from previous flight or ground tests, is the data base. The data base now includes only data obtain-
usually relied on. Present practices for defining a vibroacous- ed from expendable booster payloads. Data from Shuttle
tic environment empirically are noted by the lack of a com- payloads will be included in the future.
plete and organized data base, and the use of rather simple
extrapolation procedures for accounting for structural The VAPEPS data base management system has been
differences between that of the payload for which an en- configured to serve the unique requirements of a local site
vironment is being established and that of the structures or it can be configured to serve many sites (figure 1). When
represented by the data base being used. Each payload shared by a community of users it provides for a single uni-
contractor responsible for making a prediction will do so form, consistent and organized data base which can be used
usi~ng those data sets with which he is familiar and will in a cost effective manner to establish the vibroacoustic
account for excitation/structural differences as his experience environment of payloads/components for either space
indicates appropriate. Design and test requirements can thus Shuttle or expendable booster mission.
be based on an environment that was not necessarily ob-
tained using the best data sets and/or extrapolation proce- The prediction procedure which has been implemented
dure that could be provided by the aerospace community. in VAPEPS is specifically designed to establish random vibra-

tion and acoustic environments of new payload components
Recognizing this as a problem, a program was initiated using data obtained from similar design that had been pre-

by NASA Headquarters Office of Aeronautical/Space Tech- viously flown or ground tested. The expanded extrapolation
nology (OAST) with the objective to develop a more con- method Implemented in the prediction procedure is based on
-4stent and reliable methods for predicting the vibroacoustic the application of statistical energy analysis(SEA) parameters
environment of Shuttle payloads, for high frequencies and nondimensional scaling parameters
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VISROACOIUSTIC PAYLOAD ENVIRONMENT
PREDICTION SYSTEM

- * COMMON DATABASL

Fig. I - VAPEPS - Data Base Management/Prediction System

for low frequencies. This procedure also includes features The design goRls of the VAPEPS system are to pro-
that permit taking data from any given flight or pround test vide an approach for compiling these measurement data in
to perform mathematical and statistical operation on it to a unified data base which can be rapidly, and conveniently
obtain such information as averaged or maximum levels, updated as new data becomes available, and to provide a
noise reduction and other such analysis normally included in rapid, reliable, and efficient means for establishing payload
flight/ground test reports. To enhance the interrogation of vibroacoustic environment criteria/specifications from
the data base information, a search processor has also been this updated common data base. To meet these design
implemented into VAPEPS. goals, the following phases of work were undertaken:

The development of the VAPEPS Program will meet * Develop optimum data base and manage-
the current need for a common data base that can be con- ment system concept.
veniently and rapidly updated as new data becomes avail-
able, and for an improved extrapolation procedure wherein 0 Create initial data base summary data bank
the structural parameterization is much larger than that now based on extensive collection of past vibro-
employed. The VAPEPS software has been written to be acoustic flight and ground test data.
compatible with the Univac I 100 series (exec. 8), DEC VAX
11/780 (VAX/VMS) and CDC 6600/7600 operating system 0 Develop improved data search and prediction
computers. The NASA/Goddard Space Flight Center procedures.
(GSFC) served as contracting center and technical monitor
for the Program. The purpose of this paper is to present 0 Develop computer software requirements.
the results of the development by the Lockheed Missiles
and Space Company (LMSC) to provide this capability. 0 Validate VAPEPS Program.

2.0 VAPEPS SYSTEM CONCEPT The basic framework upon which the VAPEPS systen,
concept has been developed is illustrated in figures 2 and 3.

Payload structures are subjected to a wide variety of The VAPEPS system is configured to operate in four princi-
loads during all aspects of flight. The vibroacoustic loads pal modes:
result from the response of the structure to acoustically
induced vibration environments during actual flights. A S Data Input/Storage
significant amount of data has been acquired of these en-
vironments during actual flights and simulated flight ground 0 Data Interrogation/Retrieval
tests. In the past, only a small percentage of these measure-
ments have been used effectively. Reasons for the lack of & Data Extrapolation/Prediction
efficient use are primarily the result of inadequate measure-
ment definition, and the lack of knowledge of their exist- * Data Processing
ence.
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Data Input/Storage Global Data Base

In this mode, the data from a given ground test or flight Before data of a oiven event can be processed by
is collected and arrnged in a manner that can be input to VAPEPS, it must exist in the form suitable for entry into
VAPEPS to be stored as a data base. The data is composed the system. Data input is accomplished through the VAPEPS
of two parts: processors ENTER and PREP. One data deck must be

created for each processor for all events to be entered into
* Spectral data from microphone and acceler- the system. The data decks are the building blocks of the

ometer measurements during the event. This data is read by whole system and form the global data base. When an
the VAPEPS processor ENTER. event is first recorded, the data decks will be created by

the processing agency. The decks may then be transmitted
* A description of the event through the specifi- to all other sites and entered on each local system.

cation of keywords and parameters. This includas the classi-
fication of the excitation, location and the structure. This Local Data Base
data is read by the VAPEPS processor PREP.

The data from the global data base is entered into a
Data Interrogation/Retrieval local data base at each site. The local data base consists of

mass storage files known as DAL libraries
In this mode, the user is looking for data of a certain

type. This may be data from a particular type of excitation, The VAPEPS data base presently Includes over 3000
from a general region in a structure, or from a particular type frequency spectrums in the form of sound pressure level,
of structure. This data interrogation is performed by the vibration level or power spectral density from analysis of
VAPEPS processor SEARCH. The user will get a list of data from either Space Shuttle or expendable booster pay-
events that satisfy the conditions specified, load components obtained during flight or pround test.

A summary of the data base, including a breakdown of the
Data Extrapolation/Prediction number of acoustic and vibration spectrums, Is presented

in table 1. Narrowband spectrums (10 Hz or less) of the
This mode is designed to operate with SEARCH. After data base cover the frequency range between 20 and 2000

the data base is interrogated for the type of payload compo- Hz while proportional bandwidth 1/3-octave spectrums
nent and mounting structure on which the prediction is to include the frequency range between 25 and 10,000 Hz.
be based, the appropriate data modules will then be identi- The number of data sets for each frequency range is also
fied from list of event file names produced by SEARCH. given in table 1.
These files will then be called and operated on through
VAPEPS to obtain the desired input for the extrapolation The data base has been separated into 6 files consisting
or prediction program EXTRAP. EXTRAP consists of a of over 60 events. Each file represents a significantly differ-
group of VAPEPS commands which allow the user to gen- ent component mounting configuration and each event
erate transfer functions or scaling parameters for various normally represents a specific test condition. While most
vibroacoustic systems and predict the response of these any units can be used, the data base presently has the units
systems to any giveni input. of G"/Hz or (psi) 2/Hz for the spectral density analysis.

Decibels are used for the 1/3-octave band sound pressure
Data Processing and vibration level analyses where in both cases the normal-

izing factor is 8.4144 X 10-1s (psai) 2 or g2. Additional data
VAPEPS includes an extensive data processing capa- that becomes available will be added to the present data

bility. Each process is initiated by the user through a base.
VAPEPS command. Each command is essentially a sub-
routine that operates on one or more input data sets to 3.2 ENTER Processor
produce one or more output data sets. In general, operations
desired by the user will require the use of severil commands. The VAPEPS ENTER processor is used to enter and
Command packets (ciled runstreams) may be formed that store test data in the VAPEPS system. The user specifies
will perform complex manipulations through minimal user the file that the data will actually be stored in. Prior to
input. reading the test data, ENTER requires that the user supply

some basic information about the test In general and the
3.0 CREATION OF DATA BASE individual channels specifically. When the user supplies

complete information, the data set becomes fully self con-
3.1 Vibroacoustic Data Base tained. If all records of the test are lost, there is still suffi-

cient description information in the data base to enable the
The vibroacoustic data base consists of two distinct user to determine the purpose of the test, the basic test

parts: configuration, the location and type of each measurement
channel, the units of the data, the bandwidths and the

"* Global Data Base-Card Images frequency range. It is important to note that ENTER does
not check the validity of the information supplied, it merely

"* Local Data Base-DAL (Direct Access Library) requires that the user supply something. It is the responsi-
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TABLE I
Vibroacoustic Data Base ( Preliminary)

Filename No. of Vib. No. of Acous. Band Start

(VAPIPS*) Measurements Measurements Width Freq. Payload Characteristics

2KHz 10KHz 2KHz l 0KHz Hz Hz

STS 118 24 1/3 OCT 25 Space telescope with simulated
payload components

ID79 699 78 1(3 OCT 25 Simulated payload components
mounted on built-up flat panels

B 104 342 84 1/3 OCT 25 Payload components mounted on
trusses, built-up panels & conical
shells

B152 53 8 10 20 Payload components mounted
254 178 1/3 OCT 25 on truss-mounted built-up

139 13 1/6 OCT 20 panels

BI56A 360 55 10 20 Payload components mounted
921 120 1/3 OCT on truss-mounted honeycomb

panels

B156E 685 78 10 20 Panel mounted payload
101 46 1/3 OCT 25 components

TOTAL 1237 2435 154 530

bility of the user to insure that the information supplied is 3.3 PREP Processor
complete and accurate.

This processor reads description from card images that
In addition to this basic descriptive information, defines an event, vehicle (or test specimen) configuration,

ENTER requires that the users supply some information data naming or channel details and tye type of modules into
about the data itself. ENTER will accept the data in virtually which the data has been configured. This infotmation is
any format, but the user has to tell ENTER what the format then entered into the event DAL file. The vehicle or test
is. Having been provided with all of the information that it specimen is described through a configuration tree as illus-
requires, ENTER will proceed to read and process the data, trated in the example of figure 4 for a Shuttle -tructure.
ENTER will inform the user of any errors that it detects in
reading the data. These errors are only those which affect The capacity of the configuration tree can be expanded
ENTER's ability to make sense of the data supplied. if necessary. The names used in the configuration tree can

be any desired, however, standardization is required for
ENTER provides the user with the option to enter the VAPEPS to be shared by a community of users. Recom-

data in parts. This makes it possible to separately enter and mended names for the first subdivision of a Space Shuttle
store related data channels with the same name and still flight vehicle are indicated in figure 4. Further naming can
maintain the parts separately. This process is known as best be performed after the flight measurement program has
sectioning. The most basic form of sectioning, and the one been finalized. The same is true for ground test programs,
which most often will be used, involves entering micro- a perceptive naming system depends on the payload coin-
phone and accelerometer data separately, ponents from which vibration and acoustic data are to be

obtained.
Output from ENTER consists of DAL elements of the

following element names: The configuration tree describes the mounting structure
for the payload component from which data has been ob-

SPDT = spectral data matrix tained. Structural and acoustic space details of the pay-
load component Itself are entered through the data module

FREQ = frequency matrix routine of PREP. This routine takes structural/acoustic/
channel information and arranges it into a format consisteznt

CHAN - channel descriptor matrix with that required by the VAPEPS prediction program-see
section 5.0. A data module can be assigned to any sub-

EVNT - event descriptor vector division of the configuration tree and any number of data
module can be developed from the data obtained for a

RMSI - channel i oot-mean-square value vector particular flight or ground test event. This permits for
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example, measurements made to define the noise reduction event Is most probably unique. It is very difficult to write
chatacteristics or Spacelab to alho be used to define the a general runstream to access and manipulate data which
acoustic environment of the experiments within the lab, or an not stored in a consistent manner. The PREP procemsor
the environment of payload components in the Shuttle calgo solves this problem by creating a single standardized element
bay mounted on pallets outside of Spacelab. Thus, one set containing all the data from a particular event. The proper-
of acoustic measurements could show in three different ties of this standard data set are:
data modules. It should be noted that the data modules can
also be used without vibration/acoustic data to define struc- a. UNITS a decibels (dB) for both vibration and
tural/acoustic space parmneters of any given branch of the acoustic data normalized to 8.4144
configuration tree. Structural/acoustic parameters that can X 10-"s . (pal), or ag
be assigned are listed in table 2.

b. BANDWIDTH - 1/3 Octave.
One of the fwtures of VAPERS that makes It an ex-

tremely powerful tool Is the capability to pe-program run- c. FREQUENCY RANGE - 10 to 10,000 Ha.
streams which perform generalaied tasks. The flexibility of
the ENTER processor limits this capability, however. PREP locates all of the sections associated with the
ENTER allows data to be entered for any bandwidth cover- event and combines them Into a single element having these
Ing any frequency range in any of several units and in several properties, making conversions as necessary. PREP uses the
sections. The renult is that the form of tie data for each reference level for bands outside the range of the test data.

TABLE 2
VAPEPS Structural and Acoustic Parameters

1 2 3 4 S 6
EXTA SKIN INTA MONT INST FRAME DESCRIPTION

I TYPE TYPE TYPE TYPE TYPE TYPE
2 ROW ROW ROW ROW ROW ROW Mass density ( all structural smeared in)
3 XTYP XTYP Cros section type*
4 CO CL CO CL CL CL Wave speed
5 V V Volume
6 H H H H Thickness ( equivalent, based on flexural

etiffnm
7 AP AP AP AP AP Total surface area

8 BL BL BL BL Lemnth
9 AAC AAC Acoustic absorption coefficient

10 ALX DI ALX DI DI, DO: Inner, outer diameter
I I ALY DO ALY DO ALX, ALY: Sub-panel dimensions
12 B B Width
13 D D Diameter
14 CNT No. of beams
15 DLF DLF DLF DLF Structural damping loss factor
16 E E E E Youn's modulus
17 G G Shear modulus
18 T T Torsional stiffness per unit length
I Pi PJ Polar moment of inertia
20 A A Cross section area
21 RGF RGF Flexural radius of gyration
22 PATA PATA Total length of discontinuity*
23 ALPHA Orientation a8gle*
24 BETA Orientation anle*
25 RATE RATE: Attenuation factor (dB/octave)
26 ROWS CFRQ ROWS ROWS: Surface mass density of bae akin

CFRQ: Frequency at which to begin
attenuation

27 VEL Velocity of flying body
28 VISC Kinematic viscosity of fluid
29 FBL Length of flying body
30 NSMS NSMS Non-structural mas

Items explained in ref.
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Fig. 4 - Structural Configuration Tree ( Shuttle Structure Example)

The advantage of having all data converted to a standard the coordinates of the transducer, Initially, all coordinates
form Is that the user can write general runstreams to access are st to zero and all frequency ranges are set to the fre-
and manipulate. The user knows ahead of time that the data quency limits used during original data processing. Bad
represent 1/3-octave bands from 10 to 10,000 Hk and that channels may be marked by reducing the valid frequency
they are always expressed in terms of dB. range or zeroing it out completely.

The five major sections to PREP can be summarized as d. Vehicle configuration tree (CONF command)
follows:

This section Is used to describe the vehicle that was
a. Data collection and conversion (CHECK tested or flown. This description is developed by assigning

command) each component to a branch in a configuration tree and

The first step in PREP is to collect all of the giving the branch a name.

spectral data that was input through ENTER and convert e. Data modules and acoustic/struqctural param-
it to standard units. This process is performed automati- eters (MODULES command)
cally the first tin o an event is PREP'ed as long as there
are more than one section. If the ENTER data is changed, The purpose of this section is to describe the local
the conversions may be redone by issuing the CHECK com- environment of each measurement zone. The description
mand while in PREP, takes the form of a SEA (Statistical Energy Analysis) model.

Each measurement zone is identified as one of five elements
b. Basic bookkeeping information (BOOK com- in the SEA model and the parameters required to describe

mend) that element are supplied by the user. The section 5.0 on
EXTRAP contains a complete description of the SEA model

In this section, the user supplies descriptive infor- and the parameters required for each element in it.
mation that is used to categorize the event as a whole.
Entries include the time, date and location of the event as 4.0 INTERROGATION OF DATA BASE
well as the various names given the event by participating
agencies. VAPEPS has the capability of extrapolating predicted

payload responses from theoretical calculations and meas-
c. Measurement types and locations (CHAN ured data. The user supplies models for the system to be

command) predicted and a similar, previously tested system and
VAPEPS does the rest. As the rmodels are created and

This section is used to edit and/or list the channel attached to each set of test data for extrapolation purposes,
table that is created during the CHECK process. This table the user need only determine which set of test data is most
contains a valid frequency range for each channel as well as closely related to the new system to be predicted. As the
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data bass grows, the tak of finding that particular set of c. The user spacfies a logical operation to be
data will become more and more difficult. A lage amount applied wo the lbt of parameters requested.
of time would have to be spent Inspecting the *arlous paraw The logical operetions ae AND, OR and NOT.
eters associated with each set of test data before arriving at When the AND operation is spetifled, each
a decision on which set to use. event placed in the output list includes every

parameter requested, When the OR operation
The VAPEPS SEARCH processor was developed to aid is specified, each event placed in the output

in this task. The user specifies a set of required parameters list Includes at least one of the parameters
and SEARCH inspects the information previously entered requested. When the NOT operation Is apecl-
through th. PREP processor to produce a list of test events fled, each event placed in the output list will
that meet those requirements, (assuming that all users have include none of the perameters requested.
been conscientious in supplying the descriptive information
In PREP). The lmportastce or PREP to the success of the The SEARCH processor includes various list manipula-
VAPEPS system becomes obvious. tion commands as well as the four basic search sections

described above.
The SEARCH processor is divided into sections which

correspond to the various sections In PREP. The user speci- S.0 PREDICTION CAPABILITY
ties a fist name which SEARCH will associate with the list
of events found. Each successive search will modify the list The response of new payload component can be pre-
to reflect the results of that search. As an example, the dicted by using the combined procedure of datu base and
user might enter the BOOK section of the SEARCH proces- theoretical extrapolaons. Two extrapolation procedures
sor and request a list of events which were tested at the ar available in VAMEPS:
Eastern Test Range (ETR) during 1979. He might then
enter the CONFIGURATIONS section of the SEARCH EXTRAP I-Employs statistical energy techniques
processor and request a list of avents that included a Space. to make predictions; not recommended
lab. This search could be performed on all events in the for low frequency predictions
data base, or it could be limited to the events In another
list, namely the list created in the BOOK section. In this EXTRAP Ii-Employs a scalint technique to ob-
latter case the result would be a list of all events tested tain the response of the new com-
during 1979 at ETR which included a Spacelab. ponent based on measured response

of a similar component; recommend-
Some basic considerations to be kept In mind when ed for low frequency predictlons.

using the SEARCH processor are:
S.! EXTRAP I

a. The SEARCH processor is divided into sec-
tions. Each section searches a different area Description
of Information. The sections correspond to
the sections in the PREP processor, as follows: EXTRAP I consists of a group of VAPMPS commands

which allow the user to generate transfer functions for
BOOK - Searches all information en. various vibroacoustic systems and predict the reuonse of

tered through the BOOK sec. these systems to any given input. It is not actually a procm
tion of the PREP processor. sot. Unlike the procesors discussed thus far, EXTRAP I

does not require that a specific command be issued prior to
EVENT = Searches only information Issuing the EX'"RAP I commands. Any of the EXTRAP I

entered through the PROC commands may be issued at any time directly from
command in the BOOK section VAPMPS.
of the PREP processor.

Prediction Model-The payload component mounting system
CONF - Searchcs only information Is modelled using Statistical Energy Analysis (SEA) methods.

entered through the CONF The complete model consists of five elements which Interact
section of the PREP processor. with each other in specific ways. An EXTRAP model may

consist of any combination of these five elements. The fdll
MODULES = Searches only infornation five element model is shown in figure 5. The names of the

entered through the MODULES elements are EXTA (External Acoustic Space), SKIN, INTA
section of the PREP processor. (Internal Acoustic Space), MONT (Mount) and INST (Instal-

lation). The name and number associated with each element
A good knowledge of PREP is required for effective is fixed, even If some elements an missing in the model of a

use of SEARCH. particular configuration.

b. The user specifies a four-character name for SEA elements can be either active or inactive. An in-
each list created. He can specify that all events active element has a negligible amount of energy in compari-
are to be searched in creating the list, or he can son with the energy associated with active elements. How-
limit the search to those events contained in ever, it does establish a Path for energy transfer. Shown in
some other list.
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figure 6 is the basic and expanded matrix equation of energy functions are calculated theoretically. The element of the
balance for the model. model for which theoretical trnsfr function calculations

are considered most unreliable should be that which is
EXTRAP I derives energy balance equations for each determined empirically. Suppose that, in equation (1),

SEA element. If a SEA element Is missing. the energy transfer function T I is to be determined empirically. The
balance equation associated with it does not exist. A reduced other transfer function, T3 in this case, Is theoretically
matrix equation is therefore obtained by eliminating the calculated in EXTRAP I. With the measured data E l, E3
column and raw associated with this missing element in the and ES and the calculated transfer function T3, the transfer
matrix equation. The elements of this matrix consist of a function T1 can be found through equation (1).
combination of coupling Ion factors which are functions of
system configurations and parameters as shown In figure 6. The transfer function T ' of the new system is deter-
Most coupling loss factors between acoustic spaces and mined from TI of the base-line system as:
structures can be found in open literature (e.g., reference I).
Mechanical coupling Infonnation is relatively limited. Most TI' - TI X dTI (2)
of them are not readily available in literature.

where TI is the empirically determined transfer function of
Transfer Function-The matrix equation shown in figure 6 is the base-line system and dTI is the ratio of theoretically
a function of I/3-octave band center frequency. By solving calculated transfer functions of the new and baew-line sys-
the matrix equation band by band, the transfer functions tems. The response (in terms of energy ES") of the new
between any of the SEA elements can be obtained. The system under excitations El 'and E3' is:
transfer function to be obtained is specified by the user.

ES' TI X E' + T3' X E3' (3)
The calculation of a transfer function involves four

steps: where T V is obtained from equation (2) and T3' is calculated
theoretically.

I. The model densities of each SEA element are cal-

culated based on the structural parameters associ- In the procedure outlined above, the energy m 1/3-
ated with them. octave bands is the pertinent quantity. However, excitation

and response data are usually expressed in terms of the mean-
2. The form of the reduced matrix equation is then square value of pressure or acceleration. A conversion proc-

obtained according to the specified SEA model. ess has been incorporated into EXTRAP to handle the
transformation.

3. Coupling loss factors are calculated.
Parameter Input-The parameters for each SEA element are

4. The reduced matrix is sol'-ed for each transfer summarized In table 2. The meanings of most of the
function required. parameters are self-explanatory; some are explained in

reference 2. The first five columns of this 30 X 6 array con-
Any element in the SEA model can be designated as tale parameters for the corresponding SEA element (i.e.,

a response element or an excitation element. There may be column I goes with element I, etc.). The sixth column
more than one excitation element for a single response contains the patameters for the mounting frame which Is
element. As an example, suppose that the external acoustic not an element in the SEA model. However, it Is used when
space (element 1) and the internal acoustic spece (element 3) the mount (element 4) is a truss. The mounting frame is a
are designated as excitation elements and the installation structure to which the truss is attached. If the truss is
(element 5) is designated as the response element. The directly attached to the skin, the mounting ftame should
transfer functional relationship would then be: be modelled with the properties of the skin.

ES-TIXE I+T3XE3 (1) 5.2 EXTRAPI!

where TI and T3 are the transfer functions associated with Description
excitation elements I and 3, respectively, and El, E3 and E5
represent the energy stored in each element. TI is obtained EXTRAP I ls an alternate prediction technique.
by solving the governing matrix equation with excitation EXTRAP 1I is recommended over EXTRAP I when accurate
E3 set to zero, predictions in the low frequency regime are required, EX-

TRAP II requires a high degree of dynamic similarity be-
Extrapolation-The process outlined in the previous section tween the previously tested configuration and the new con-
is repeated for both the base-line system and the new system. figuration.
Because we normally have only one set of independent data
for the base-line system, only one transfer function can be Prediction Model-EXTRAP II accesses the same parameter
established empirically. As in the example of equation (I), table as EXTRAP I. Thus. it is possible to use the same
more than one transfer function is needed from the base- model for both prediction techniques. However, whereas
line configuration. Since only one can be established empiri- EXTRAP I allows any of the five SEA elements to be des*g-
cally. it is necessary to determine the rest of the required nated as response elements, EXTRAP 11 will allow elements
transfer functions theoretically. The user specifies which 2 or 5 as response elements.
transfer function Is found empirically and which transfer
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Resonse Sca§in Function-The technique employed con. the same or in fact ame the same with respect to having been
sista of scaling the response of the old system to obtain the constructed against the mine requirements. Predictions
response of the new systems1 The scaling is accomplished a should be treated in a probabilistic manner and the useful-
follows: nes of these predictions will depend on the size of the data

base used. The implementation of probabilistic prediction
Rn(f) = Ro(f) X Cm X Cm I X Cd X Ce(f) (4) methods in VAPEPS can be accomplished by forming com-

mand packets via the use of the extensive data processing
where capability of VAPEPS.

Rn() - Response spectrum of the new system. In general probabilistic prediction methods should be
developed to be compatible with prediction models imple-

Ro(f) - Response spectrum of the old system. mented in EXTRAP Il/i. Probabilistic models based on the
five element SEA model approach of EXTRAP I and on the

Cm - Man density correction, defined as response scaling approach of EXTRAP I! need to be investi-
gated. The extent to which these probabilistic models can

ROWSoldn (5) be implemented in VAPEPS will require additional studies.ROWSnewq(5

6.0 VAPEPS VALIDATION
CWl = Man loading correction, defined as

The requirements for validating VAPEPS are charac-( ROW X H X AP \ terized as two major types:
ROW X H XAP+NSMS/newX

(6) * Software Validation
(ROW X H X AP + NSMSý 0 Prediction Capability

ROWXHXAP old
Software Validation

Cd Damping correction defined as

Software validation is defined as tasks specifically per-
IDLF N old formed to evaluate the individual performance of eachIFYT )n ew () VAPEPS processor ENTER, PREP, SEARCH and EXTRAP

procedure, and to evaluate the performance of the VAPEPS
Ce(f) Excitation correction, defined as processors operating in an end-to-end system configuration.

Each VAPEPS processor, or procedure, is being evaluated
EXCITATION (1A new and demonstrated via the extensive use of sample problems
EXCITATION (01 old (8) which will also be included in the VAPEPS documentation.

The interfacing aspects of the processors for an end-to-end
The frequencies are also corrected as follows: VAPEPS system application are also being evaluated and

demonstrated on sample problems to show relationship

/AP old 1/2 and significance of execution.
fnew ueAP ne) X fold (9)

yI;P new) Prediction Capability

The capability of VAPEPS EXTRAP procedures to pre-
The corrected data are reorganized into standard 1/3-octave dict vibroacoustic results for new configurations is being
ban~s based on the corrected frequency values, evaluated by means of demonstration problems. This is

accomplished by using one of the event in the data base as
Extrapolation--The response scaling function equation (4) a referenced event, walking the user through ENTER, PREP
and the correction factors equations (5)-(9) are processed and SEARCH, and with a configuration on which flight or
by the execution of a single VAPEPS command called ground test data is available, predict the .esults via EXTRAP
SCALE. Detailed description of this command and the and correlate the results with the measured data.
required input parameters are presented in reference 2.

The &hove two types of validation based on demonstra-
5.3 Probabilistic Consideration tion problems will be sufficient for validating the VAPEPS

system and provide the level of confidence needed by poten-
The results produced by the VAPEPS prediction proce- tial users.

dure (EXTRAP I/I) in some cases should not be used in a
deterministic way. For example, one cannot interrogate the 7.0 CONCLUDING REMARKS
data base, obtain data from one payload component location,
make a prediction using this data and expect to find very The discussion presented in the preceding sections has
good agreement with data obtained from a measurement outlined the development of a data base management and
made during another acoustic test of a payload component prediction system for payload vibroacoustic environments.
with the same classification as the payload component being The development has included the creation of an Initial data
used from the data base. Structural parameters can vary base summary data bank baewd on past vibroacoustic flight
significantiy among payloads components classified as being
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and pound test data and the development of computer'soft- (LMSC) under NASA Goddard Space Flight Center Contract
wares required for efficient data entry, Identification, interro. NASS-25156. As might be expected, the technical success
gation and retrieval. Included is a prr liction procedure of the program resulted from contributions made by nu-
specifically designed to establish the vibroacoustic environ- merous people. The authors wish to ackn,;,ledge, in par-
ment of new payloads using data obtained from similar ticular, the significant contributions made by Mr. Joseph P.
design that had been previously flown or pround tested. Young and Ms. Madorie Johns at the GSFC, and Dr. Albert
Although the overall data base management and prediction Lee, Dr. Dave Crowe, Mr. J. Schafer mnd Mr. B. Davis at
system is not yet in its final and complete version, and its LMSC. Finally, acknowledgment is made of the support
volidation has not been fully completed, it is apparent that provided by NASA Headquarters Office of Aeronautical/
the herein discussed approach used in the development effort Space Technology (OAST).
has resulted in a prediction procedure which can be expected
to give reliable estimates of payload vibroacoustic enviton- REFERENCES
mental levels. Furthermore, the VAPEPS data base manage-
ment and prediction system can be used to serve the unique I. Statistical Energy Analysis of Dynamical System: Theory
requirements of a local site or it can be configured to serve and Applications, R. H. Lyon, MIT Press.
many sites. When shared by a community of users, it pro-
vides for a single uniform, consistent and organized data base 2. Vibroacoustic Data Management System and Prediction
which can be used in a cost effect /e manner to establish the Procedure for Shuttle Payload Components, LMSC
vibroacoustic environment of payloid components for either Report (to be published), Lockheed Missiles and Space
Space Shuttle or expendable booster missions. Co., W. Henricks et al.
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AUTOMATION OF VIBROACOUSTIC DATA BANK

FOR RANDOM VIBRATION CRITERIA DEVELOPMENT

Robin C. Ferebee
Marshall Space Flight Center

Huntsville, Alabama

A computerized data bank system has been dev.ped. for utili-
zation of large amounts of vibration and acoustic data to
formulate component random vibration design and test criteria.
This system consists of a computer, graphics table , and a
dry-silver hard copier which are all desk-top typ, hardware
and occupy minimal space. Currently, the data bank contains.
data from the Saturn V and Titan III flight and static test
programs. The vibration and acoustic data are stored in the
form of power spectral density and one-third octave band plots
over the frequency range from 20 to 2000 Hz. The data was
stored by digitizing each spectral plot by tracing with the
graphics tablet. The digitized data was statistically analy-
zed and the resulting 97.5% probability levels were stored on
tape along with the appropriate structural parameters. Stan-
dard extrapolation procedures were programmed for prediction
of component random vibration test criteria for new launch
vehicle and payload configurations. This automated vibro-
acoustic data bank system greatly enhances the speed and
accuracy of formulating vibration test criteria. In the
future, the data bank will be expanded to include all data
acquired from the Space Shuttle flight test program.

INTRODUCTION SCALING TECHNIQUE

The engine generated acoustic and Vibration response prediction using
aerodynamic fluctuating pressure envir- data banks is based on the principle of
onments produced by space launch vehic- dynamic similarity. An acoustic or
les create substantial vibratory motion fluctuating pressure field impinging on
of the vehicle structure. Tne predic- , vehicle's skin will produce a vibra-
tion of these vibration environments is tion response that can be extrapolated
critical for the success of the missions. from past vehicles that had similar
rhe broadband response characteristics structures. The scaling is based on the
of the complex vehicle struutures pre- following equation:
clude established analytical methods of
prediction, so an extrapolation method [p 2] [W2
based on past space vehicle test pro- 2(f) WR
grams was developed (1). This method GN(f) G R(f) R J J
relies on an established scaling tech-
nique to predict the new structure's
response. Because of the large and where: GN(f) = the predicted
rapidly growing data base and the vol- response of the new
uminous amount of criteria required to vehicle structure
support Space Shuttle launches, an as a function o;
automated method was needed to speed up frequency, in g /Hz
the prediction process. A computer G (f) = the data bank (ref-
system was developed that stores the R erence) vibraticn
data base and scales the date to pre- response, in g 2 /Hz
dict and formulate new component t
design and test criteria. PN(f) = the new acoustic

forcing function
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P R (f) the reference acous- Equation 1 now becomes:

tic forcing function
WR = the surface weight of [pN(f)]2 FWR] 2  WN (lA)

the reference structure GN(f) PRf L -T IN R RWN + WW 7 C
WN = the surface weight of

the new structure Currently, the data bank contains
For the convenience of storing only vibration and acoustic spectra from

one acoustic spectrum per file, all several Saturn V flight and static
acoustic data was normalized to an arbi- tests and from the Titan III flight pro-
trary acoustic spectrum, Fig. 1, accord- gram. These spectra are in the form of
ing to the following equation: 97.5% confidence level frequency plots

from 20 to 2000 Hz in 5 Hz increments.
2 The 97.5% confidence level was chosen

[I Pf 2 since it provides a reasonable degree
GR(f) = GM(f) (2) of certainty without being overconser-L j) vative. The vibration data is in power

spectral density form while the acous-
where the subscript M refers to tic data is in one-third octave band

measured data. spectra. Several identifying parame-
ters are stored along with each spec-

To account for the alteration in trum. In the future, the data bank
response caused by mounting a component will contain data from the Space
to the primary structure, the following Shuttle program.
correction factor can be applied to the
equation (2): The data was categorized according

to the type of structure, i.e., ring
WN frame, skin, skin-stringer, and honey-

S+comb. Graphite-epoxy composite struc-
N C ture will be available from the Space

Shuttle. The data was further sub-
where: WN = weight of new structure grouped according to specific structur-

al parameters such as the size of the
WC = weight of component ring frame or the thickness of the skin
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Fig. 1 - Reference Acoustic Function
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or the weight of the stringers. Gener- fidence level of the data and stores this
ally, meazurements in three directions spectrum on the tape. Next, the acoustic
were available: longitudinal (along the spectra that correspond to the vibration
vehicle's axis), radial (perpendicular measurements are digitized and their con-
to the skin) and tangential (along the fidence level is computed. This spectrum
vehicle's roil axis). is also stored on tape. These two confi-

dence leve) spectra are then normalized
THE COMPUTER SYSTEM to the reference acoustic spectrum in

Fig. 1 and the result is stored on a per-
The computer system is based on a manent tape file. Several identifying

Tektronix 4052 computer with 64K bytes parameters are stored with the spectrum
of memory and peripheral equipment as and some of these parameters are stored
shown in Fig. 2. Data is entered into on a directory file at the beginning of
the system using a Tektronix 4956 the tape Lo provide a quick reference.
graphics tablet and cursor. The data Up to 63 spectra can be stored on one
is stored on the computerts internal tape, and approximately twice that number
tape cassette or on an optional Tek- can be stored on a floppy disk. The data
tronix 4907 floppy disk. A Tektronix bank presently contains 98 skin, skin-
4631 dry-silver copier provides a stringer, and ring frame vibration spec-
permanent hard copy of all criteria. tra. Figs. 3 and 4 show typical vibra-
Total system cost is about $25,000 and tion and acoustic spectra. The numbers
all items are easily available, on the right side of the plot are a tape

identification number and the file number
Data is entered into the system by on the tape.

placing a spectrum on the 4956 tablet
and tracing the curve. The tablet Once the data has been stored on the
digitizes the spectrum and the computer tape; the user can access any spectrum
interpolates at 5 Hz increments. Each for use in deriving vibration criteria.
spectrum is held in memory until the The first step in this process is to re-
measurements from all flights are view the tape file directories and choose
stored. From three to eight spectra a data bank structure that matches the
can be held in memory at one time. The new structure as closely as possible.
computer then calculates the 97.5% con- Next, a backup area must be chosen and

Sigal i Tektronix 4956

P Proceasing Digitizing
R o's Tablet

I (Optional)

STektronix 4052 Desk Top
Tektronix 4907 |

I Disk Storage File I cputer Tektronix 4631
600R Storage

Capicity I (4054 Optional) Hard copier

I (optional) 64 K-Bytes Capacity

Internal Magnetic
Tape tArtridge

(300K Storage)

Fig. 2 - Vibroacoustic Data Bank Schematic
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the structural weight calculated. This the top of the page.
is done by adding the weights of the
skin, stringers, and rings over the The criteria can then be drawn over
backup area. The backup area should be the spectrum by manipulating the cursor
large enough to encompass any compon- using five user definable keys. When
ents that may be mounted to the struc- the criteria lines are drawn, another
ture. The componen. weight must also key is pressed and a table of criteria
be known. values and slopes are printed. Figs. 5

and 6 show the predicted vibration spec-
There are two ways of storing the trum with the criteria and the criteria

new acoustic spectrum on a tape file: table. Figure 5 contains enough infor-
using the graphic tablet or by hand. mation to reproduce the spectrum if the
If the spectrum is given in the form of need arises. The flow chart in Fig. 7
a semi-log plot, the tablet can be used shows the criteria derivation process.
to digitize the information and store
it on tape. Often, the spectrum is in This system takes the burden of re-
the form of a specification and just petitive calculation off of the engin-
the values at the one-third octave fre- eer and allows him to concentrate on
quencies are given. In this c~se, the choosing an appropriate reference struc-
numbers can be entered on the computer ture and refining the final criteria.
keyboard and stored on the tape. All It takes approximately two to three
acoustic spectra should be in one-third minutes to derive a criteria once the
octave band values. parameters are chosen. This represents

a tremendous productivity increase with
The program is accessed by reading increased accuracy and reliability. It

the program into memory from a tape. is estimated that this system speeds up
Once it is running, the program prompts the criteria derivation process by two
for the needed information: the file to five times at a very modest hardware
numbers of the reference vibration spec- cost. With the cost of manpower in-
trum, reference acoustic spectrum, new creasing and the cost of computer sys-
acoustic spectrum, and the component tems decreasing, this computerized data
weight, if any. The scaled vibration bank represents a substantial savings
spectrum is then plotted, allowing for to the government and industry.
structural parameters to be typed at
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Fig. 5 - Scaled Vibration Spectrum with Criteria

69

________________________________________________________



IN ?iLElCOPE VALVE BOX VIURATION CRITERIA

RADIAL AXIS

26- 343 I. 1 *9.. d/o/ot
346- SI0 Ma 3 .475M6 g/2Nz
IS9-2'6.z 9 -21.5 dtoSt

200I Ha I I.IISO I•SO 2M

COMPOSITE u hI-. Gras
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Select a data bank with
similar struc. parameters

LEnter weights of ref.
and new structures

lEnter component weight

Calculate predicted
vibration response

Plot predicted Tp

[Draw criteria envelope

Print criteria parameter

Fig. 7 - Criteria Derivation Process
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The unique, Space Shuttle vehicle sise, weight, and configuration
have given rise to problem. in determining vibration requirements end
in verifying structural integrity for anticipated mission environments.
The application of large-ocale vibration testing has played a prominent
part in qualifying the Shuttle for its intended missions.

Severe vibration excitation from rocket engines, aerodynenic noise,
and onboard equipment are expected on each shuttle flight. Scale-sodel
mind tunnel and rocket firing tests, an well as full-si.. rocket engine
tests were relied on to define the random forcing functions. *The do-
termination of structural resoanas to these environments is described
herein, as well as evaluations of measured flight data and comparison
with predicted design and test criteria.

INfhTID ICI The difficulty in Predicting the a*ro-
dynamic moime environment during mascnt

The Space shuttle, shown in Vigore I, was due to the many changes in vehicle cross-
presented no difficulties in predicting section as a function of vehicle length, the
aeroacoustic environetsand vibration re-
spacses@. These difficulties become accen-
tuated ane to the severity of the environ-
msents when, at the beginning of the progrem,
it me recognized that severe acoustic levels
would be applied to the Orbiter at lift-off,
due to the close proximity to rocket engines,
and that Severe aerodynamic noise would be ap-
plied to several Orbiter locations during the
ascent phase of flight, figures 2 and S.

The difficulty in predicting the acoustic
environment at lift-off mes due to the proxiu-
ity and separation of the rocket engine., the
complexity of the two launch pads used at the
NASA Kennedy space center and at the OW~
Vandenberg An, and the changes of the rocket
exhaust flows with vehicle distance above the
launch pad. These difficulties were eventu-
ally overcome by evaluation of data from a
6.42 scale-model engine/launch pad test pro-
groo performed at the VASA Hersbell Space
Flight center. Fig. 1 -Space Shuttle configuration
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Fig. 2 - Space Shuttle STS-1 liftoff Fig. 3 - Space Shuttle STS-1 launch

three dimensional nature of the many flow
disturbances, the complexity of the large flow
interference region between the Orbiter, Ex-
ternal Tank (ST), and Solid Rocket Boosters
(SRS's), and in some cases the dependence on
vehicle attitude. These difficulties were
overcome with analysis of data from a 3.5Z
scale-model Shuttle vehicle wind tunnel test
program performed at the NASA Amen Research
Center. Once t%'e noise fields were defined,
then other procedux.z: as outlined in refer-
ence* 1, 2, and 10 could be used to prtdict
the noise-induced vibration response of the
structure ant to develop design and .est
criteria for the many item of equipment.

Shuttle Vehicle and Launch Complex Configura-
tion

Three Shuttle orbiter main engines (SSNE)
and two solid rocket boosters (513's) fire in
parallel during lift-off, figure 2. The
Orbiter's main engines produce approximately
1.5 million pounds thrust and the two SiB'a ap-
proximately 5.5 million pounds thrust. This
new thrust configuration required extensive re-
design of previous Saturn and Titan launch pad
configurations.

The Eastern Test Range launch complex,
figure 4, in the modified launch complex 39
Saturn V facilities. The flame trench and de- Fig. 4 - Space Shuttle Eastern Test Range
flector have been modified to accommodate the launch comn'lex
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Fig. 5 - Shuttle flame trench, deflector, KLP Fig. 6 - Space Shuttle Western Test Range
and engine flame trajectories launch complex

Shuttle separated rocket exhaust flow, figure Definition of Acoustic Environents
5. lecause of sidevise drift at lift-off due
to SWE thrust offset from vertical, the mo-
bile launcL platform (N5.) 823 exhaust holes Lift-off
were increased in length to minimize low eleva-
tion o1n hot core impingement an the ULP. The The techniques listed herein for pre-
Vettern Test Range launch facilities are the dicting mazimum exterval lift-off noise in-
modified Titan III SLC-6 complex, figure 6. volves extrapolations of noise data measured
Here the flame trenches are covered and sepa- on 6.4 percent models of the Shuttle vehicle
rated for each Shuttle element rocket ex- and launch pad. Reference 3 states the ratio-
haust. male whereby geometrically similar models with

rocket engines exhibiting dynmically similar
characteristics can be used to predict rocket

Shuttle Acoustic enviroanents noise spectra for larger systems. No adjust-
mute for sound pressure levels are required,

The mwst prominent sources of acoustic ex- and only the frequencies need he adjusted by
citation occur at Shuttle engines ignition the non-dimensional parameter known as
and lift-off and during ascent aerodynamic Strouhal anmber.
flilht. It is well documented how liquid
and solid propelled rocket engine noise is
produced in the mixing region between the f Do
surrounding atmosphere and the exhaust core 8 - - Strouhal number,
high-velocity regions. Deflected or ob- V
structed rocket exhausts cause higher acous-
tic loadings than exhausts that flow freely
from tte Shuttle. Noise levels diminish with wheret f - frequency
elevation above the ground reflecting plane Do - system effective nostle dismeter
vnd become insignificant above elevations ap- V a exhaust exit velocity
roximately 24 8a nossle dimmeters. Aaro-

dynamic fluctuating pressure levels start be- Reference 4 provides one of the many available
coming prominent at higher altitudes and vehi- references on Strouhal scaling.
cle speeds. Fluctuating pressures on vehicle
surfaces, due to boundary layer turbulence, More than 250 tests with various combina-
vary in relation to free stream dynamic pres- tions of liquid engines, solid rocket motors,
sure q. Various combinations of Mach number, elevations above the pad, and several configu-
vehicle attitude, and the Shuttle configure- rations of water injection were conducted.
tion effects on boundary layer flow are the Scale model launch pad configurations for both
cause of maximum aeronoise. The Mach I and the Eastern and Western Test Ranges were used.
maximum q flight regions generally produce the
most intense aerodynamic fluctuating pressure Early tests of the 6.42 model with model
levels. launc. pads produced data that indicated exces-

sive noise levels were going to be imposed on
Shuttle structure and payloads. Because of de-
sign cost impacts to develop the Shuttle to
withstand these intense environments, it was
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decided early is the preogra to begin state- 145- FOM I U ?ATIN
*f-the-art development of rocket noive ourMIIV?,N
pression tech#aquee. The meat premising eon-
capt was to Inject large volumes of water into
the flame trenches, figure 7, reference 5.

The optlism noise suppression system was
selected frois the 4.43 model test data. Asses- I "
tic spectra ferom the selected suppression eye-
ton were compiled and an envelope defined to c;6aN DT
equal or exceed all levels. The acoustic dateti
accounted for fl!ght elevations ferom on pad to
24 solid rocket motor coaste diameters, or ap-
proximately 260 feet above the pad. External 15 t I
Orbiter acoustic spectra, measured during FIAIYN
model firing* at nine elevations, wrex ad-
justed by Utrouhal scaling for full-scale Fg cutcsetatpcl64
Shuttle frequencies and a typical composite as ~ compsiteian owetr tpicl.4
shown in figure S. It can be soon that noise cnoioadevlp
levels vary 4 to 3 41 at low frequencies and
as much as t0 as at high frequencies. save- This test 1aese provided the data to determine
tope& ware constructed to cover all levels for transmission lose end noise reduction values
all model measurements. Therefore, at any in- for the Orbiter structure.
intent of time during launch, the envelope
levels will be achieved at a few frequencies The present estimates of internal payload
only. The model data indicate that the en- byws o nepybyrsle rmcn

voloe lvel wil neer ccurat ll re-bining the 6.42 model data with the Of-l01
quencies simultaneously during launch. test smalysis results. Later in the program,
Acoustic taste using the envelope spectra as acoustic tests of payload bay door sections
test criteria for the total launch time areae outd.Tsettscinspoid
coniserwativec thequentfcony rat. Orbiter 102 payload Ooer asid radiator noise reý-

veris wih ech fequecy.duction values for use in further refinement

To evaluate the internal payload bay noise of the bay acoustic level@.
levels, Orbiter 101 was subjected to jet A final check of the modeling teehaiqmea
engine noise acoustic tests at UShA Dryden used herein was accomplished, when rocket fir-
Flight Research Center. Acoustic measurements isg acoustic data ware measured on full size
ware taken inside the payload bay and on the 8211*, figure 9, and en the main Propulsion
exterior of the sidewalls, bottom and payload Ts xil ~,fgr 0 s ulsn
bay doors. Reference 6 provides the detail toots provided the first check of the 6.42
discussions LE analyses and tost conditions, model as a valid prediction tool. it was ob-

served that the 6.42 model ga enerally cn
LIFTOFF DISTANCE servetive, refeorene*s 7 and 9.

TIME (SWe NOZZLE
(SIC) DiAMETERS)

WORST CASE ..
7 120- DRIFT CURVE -

MLP FIRST FLAME.........
IMPMNEMENT

5 11D 11D

2 -(1.780)

-1

Fig. 7 -Pad sound supression scheme
plot of flow/drift vercus tine 7iS. 9 F ull aiso solid rocket test firing
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significant toot to provide data fee aeromoise
prediet'lon Vs Item a detailed 3.52 rigid
model, figure 11 - weith 23? pressure aeasure-
mant locations. 2hese teots Vere perf orme at
Nih-Aee Imeaerie Cester with Haabh wmbers
rouging from 0.6 to 3.5 and pitch and yow
angles thvousthout the ranges of -5O to W3.
Lijuastbasts wore made to the measured data for
diff erencse in wind twnnel I (Pal) OWd actual

5 ~eapeeted flight q profiles.

These tests provided several thousand
a - mtrically scaled pressure lewel spectra.
Data werne compiled into son". established as
areas of the Mhottle with definable structural
bounaries o by differences in localized
aerodynamic f11, figure. 12 and 1S. Tor each
someo, the spectra mare separated into "ata as-
s ociated with thbactle anoinal flight trajec-

Fig. 10 Space Shuttle lull scale main engine tories and data at all attitude combinatione
firngsfrom norimal to maziomm pitch and yaw, spec-
firingstra free all erAmurommts in a particular

so"s were grouped in a composite amd an sanve-
keromoise lope Vas cons tructed to obtain the final same

nominal and dispersed maximam enwirooemats.
Cans4.dering the complex: shuttle save- Typical oferall time history levole and ct

dynamic configuration, it is generally rec-
ogeined that analyses of the Shuttle fluc-
tuating pressure environment* are difficult.
Therefore, several scale model wind tan-
eel tests were used to assist in flow f ield e
analysis and to provide Shuttle saronoiso LEO
data. These tests are covered in detail in
several other papers, reference 9. The most EEO IGOTO

FUSE GO 
E

Fig. 12 - Aeroacoustic noise zones of the
Shuttle Orbiter -bottom

PAY LOA9..D cj ELEVOt4.INOD

FWD LO-
FI~!OP ~ K SIDE MID FUSE AE.

- NOSE TOP a SIDE,> ,

Fig. 13 - Aeroacoustic noise zones of the
Fig. 11 Space Shuttle 3.52 wind tunnel model Shuttle Orbiter - top and side
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responding saxiswn aeronoise spe:tra are Various methods are availsble for develop-
shown ia figures 14 and 15. Ae vas the situa- ing vibration criteria: (a) classical random
tion for the lift-off model data, tbase enve- response analysis, (b) statistical energy anal-
lope techniquws provide conu.-crvatinm in design ysis and (c) extrapolation techn.iquea. The
and test criteria development. The maximum advantages and limitations of thcse methods
levels on ,arfous measurements ýn a zcne do are discussed in reference 10. It is recog-

ot os.car a" the same Mach numbers and vehicle nized that other aerospace programs have used
attitude. Nonetheless, the maximum levels f,, statistical analysis methods successfully for
all measurements ý n a zone were combined re- evaluation of reference vibration data. How-
gardless of the naturally excludable ascent ever, the extrapolation method, also, has
flight events, been used on other programs and was selected

for developing most of the Shuttle Orbiter
vibration criteria primarily because it was

Orbiter Vibration Environmente quick to implement and because a large refer-ence data base was available for eztrapola-
Development of vibra&on design and test tion. Scaling methods were selected utilizing

criteria was of prime importance to a success- the Condos-Butler equation, which scalms the
fuL progr•,ý The objective in developing the random vibration spectra from a reference vehi-
vibration t, :eria was to provide enviro•'n•nts cle toa new vehicle with respect to the dif-
which ensure performance over the intended ferences between the external acoustic spectra
equipment life, but which will not b, exces- and the surface mass densities of the two ye-
sive and unnecessarily affect equipment cost, hicles. Here the external acoustic spectrum
weight, or delivery sdi : ule. for the Orbiter was selected from the applica-

ble aeroacoustic noise zone described pre-
Lu order to main.an•in consistency in de- viously and the surface mass density was cal-

veloping the Orbi-er vibration environments, culated to apply to the structural area under
the follnwing basic assumptions Jare ea- consideration. The referance vehicle and its
tabliahed: (1) Orbiter vibration (except applicable region was selected on the basis
SSM engines and thrust structure) results of structural similarity between the new and
from direct impingement of engine noise and reference vehicle installations, because of
aerodynnatec noise during boostj (2) Orbiter the structural diversity of the Orbiter, five
structure response to ,,oise will be similer to reference vehicles were chosen, Apollo Com-
previous spaccrsft structures; (3) Factors sand Module, Apollo Service Module, Saturn
affecting vibratiuu response wie be noise S-IC Stage, Saturn S-l1 Stage, and the Titan
specLra, vehicle surface density, curvature of III-C. These vehicles provided vibration
3urfaces, and type of structure; (4) Similar response data measured duriag test that were
sLructures possess similar model den-ities; ground acoustic (reverberant, proAressivi
(5) All types of noisc sources are eqially wave, and uncorrelated multiple duct progres-
efficient in coupling with spacecraft struc- sive wave) stat"- rocket firing lai'noh engine
ture; and (6) therA,'l )rotection system tiles noise asd boost Aerodynamic turbulence. Since
pr-vide only mass part cipation on the Orbit- basic assumption (5) indicates all acoustic
er tearior structur,, sources are equally efficient, ali reference
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F•g. 16 - Random vibration criteria development

vehicle vibration response data were lumped shell vibration consisted of calculating a

together. surface density scaling factor for the outer
shells of the Apollo Command Module and the

The procedure involved in vibration cri- Orbiter outer shell (+5d0), and than calculat-

teria development is simplistically illustra- ing a surface density scaling factor for the
ted in figure 16. Basically, the amplitude pressure bulls of the Apollo Command Module
of vibration environment enveloped from the and the OrLiter Crew Module (-7dB). These two
reference vehicle is adjusted based on the factors establish a net surface density scal-
differences between the reference vehicle ing factor (-2dB) to be combined with acoustic
acoust.c fozzing function and those of the scaling factors for Shuttle lift-off, nominal
new vehicle and by the square of the ratio boost trajectory and dispersed boost trajec-
of the sutface mass densities. In addition, tory. A similar procedure was followed in

t he frequency of the resulting spectrum is developing the crew module equipmat vibra-
adjusted by the ratio of the square root of ticn criteria except the envelope of Apollo
the dismeters of the reference vehicle and the Cmmand Nodule wus used to obtain the differ-
new vehicle, where applicable. The first re- ences in equipment installation density
quirment in developing vibration criteria was (+3dB). The equipment vibration criteria
to identify a reference configuration suffi- were sufficiently similar to the pressure
ciently similar to the new configuration mad hull criteria that a composite, figure 17,
in so areas, multiple reference structures was adopted for the whole crew compartment.
were used. Although figure 17 shows separate vibration

spectra for the lift-off, nominal boost and
The two most complex areas to develop vi-

bration environments were the Orbiter Crew Com-
partment and the bulkhead whi'th separates the 0.1
payload bay from aft fuselage, 1307 bulkhead.
The Orbiter crew fodulh vibration criteria
development will be discussed as an example
of the method mployed for all extrapolation /.d.IOCT
procedures. Since the orbiter crew compart- [d "

meat is a separate praesurised compartment 0.01 4d8/OCT

suspended from the orbiter outer shell, the /
Apollo Comand Nodule was selected as the ref-
erence structure. It was felt that tbf pri- ASO 0 2/Ha

mary basis for similarity should be the
loosely-coupled, double-hull construction with 0.00
a high equipment density inner compartment and 0.001
that the differences in shell matctials were IDES, LIMIT
secondary. Due to vehicle symetry, the // -- P0 !ERCENT
Apollo Cmmand Modle swas exposed to a rela- 'I ---- LIFTOFF
.ively uniform aeroacoustic enviroment which I
had been duplicated in ground testing. How- .0001 _ _ _,

ever, the Orbiter external acoustic environ- 100 1000
ments vary significantly over the outer sur- FREQUENCY, Ha
face, therefore, spatially averaged spectra
were developed for the various lift-off and Fig. 17 - Orbiter crew module pressure hull
boost conditions. Definitimo of crew module vibration envelopes of scaled responses
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dispersed trajectory boost conditions, only non-stationary loadings cause random stresses
that spectrum identified as dispersed trajec- between the endurance limit and the ultimate
tory boost was specified for qualification strength, (b) the dmage contribution is in ac-
testing. As a general rule, whenever the cordance with the Palagren-Langer-Kinor hypoth-
developed spectra were within 3dB, the higher esis, (c) the maximum of the random fatigue
was specified for all mission conditions, curve can be used for scaling the relative

dmage contribution between the highest and
A specific conservatism factor was not lowest non-stationary stresses. Since most of

added to the vibration criteria for qualifica- the structure of interest is of 2024 aluminum
tion testing because sufficient conservatim with a notch concentration of Kt - 4, a saxi-
was built into the environment development and mum fatigue curve slope of 4 was selected. In
qualification test procedures by: (1) vibra- addition, to account for the statistical scat-
tion environments from reference vehicles were ter of the random fatigue curve, a scatter fac-
developed by enveloping all applicable ground tor of 4 was used to increase calculated fixed
and flight test data, (2) enveloping Orbiter amplitude durations for all testing and anal-
liftoff noise environments which occur at dif- yses.
ferent elevations, (3) enveloping aeroacoustic
environments resulting from mutually exclusive
flight conditions, (4) assuming that ground Flight Data Comparison
reverberance or progressive wave acoustic
testing was representative of service condi- Approximately 200 acoustic, vibration and
tions, (5) using composite test spectra for strain measurements applicable to the subject
full-duration testing, (6) performing shaker environmental criteria were recorded on the
tests sequentially in three mutually perpendic- first Space Shuttle flight test. A comprehen-
ular axes, and (7) defining test criteria as sive review of these data indicates that near-
motion input spectra rather than force inputs. ly all qualification vibration testing has been

performed at satisfactory amplitudes and dura-
tions. Figures 19, 20, and 21 present typical

Vibration Test Durations comparisons of flight test data and component
qualification test criteria. Figure 19 is a

A typical time history of overall fluc- composite envelope of approximately 40 accel-
tuating pressure levels during lift-off and erometers located throughout the crew compart-
ascent is shown in figure 18. During the as- neut. The low frequency criteria exceedance
cent period, the nominal and dispersed trajec- illustrated was observed on one accelermeter
tory curves shown represent those external for less than one second. That particular
noise conditions which will occur on 501 and accelerometer was located at the cenaer of a
12 of the missions respectively. During the large shelf and other accelerometers at simi-
remaining 492 of the missions, the a'.oustic lar locations on other shelves were 'within the
levels will be between those shown. Similar criteria envelope. In addition, the Avionics
time histories were developed for all Space components at the location in question had
Shuttle Vehicle noise zones. been tested to higher levels than the criteria

envelope, so no equipment qualification prob-
Since it is not practical to perform lems were encountered.

ground vibration tests using continuously
varying environments, equivalent fixed -
plitide tests durations were established. 1
The equivalent fixed amplitude duration was
calculated for each zone such that the test
environment would exceed or produce the same X0 O FLIGHT

fatigue damage as the non-statiouary vibration COMPOSIE
amplitude time history. A fatigue model was ASOD.

2/EL.

used that assures that (a) both stationary and 110 -. 01 TEST
mRITMIATEST -. 2

OVIEALL - 10 -0•1
FLUCTUATING 10 100 1000PAIIIS8URE FREQUENCY, Ha

LEVEL 8

F/ ig r Fig. 19 - STS-1 crew compartment - composite
IO•- . envelope and corresponding test requirement

114 1

0 10 20 30 0 SO 00 TO 80 90 100 110 Figure 20 indicates favorable compariaon
TIME. SECo011f of the predicted aid-fuselage sidevall vibra-

tion environment with that measured during
Fig. 18 -Orbiter forward fuselage s ide 8TS-1. Figure 21 indicates that, although
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ixi0+.01 lower freauency regions. As a result of
analyses of ground acoustic test data from
large test articles, there were indications

io .00 _ that same structural are"s could not survive
CR111T Id 100 sissions due to high mplitude, low fro-R -quency responses resulting from simulatedASD-2/H 1XO"/ - aerascaustic loading. Fortuatsely, the hg

amplitude low frequency responses did not mate-

rialise during the STS-l transonic flight pa-
0"2• - fod. It is presently assumed that this lack

COPOWE A of flight response to aeroacoustic noise can
kV be attributed to poor coupling efficiently of

1x10-.0 the Orbiter low frequency modes with aero-
10 100 1000 acoustics.

FREQUENCY HERTZ

Fig. 20 - STS-1 midfuselage sidewall - composite Conclusion
envelope and corresponding test requirement

envelopes The techniques used to develop Orbiter
random v-bration design and test requirements
proved to be acceptable for the Shuttle mis-

1101+.01 sion schedule and objectives. The reference
TEST cRITEA Idata base was sufficient to allow use of ox-

trapolat ion methods. The sonal grouping and
llx00 scale data envelopes allow reasonable con-

servati. and timely criteria development.
1" / 1 -.0, The predicted vibration requirements were

I validated by flight data.

1X10 `02 FLT DATA
8ThI PONTDATA

-- ... STS-1 FLIGHT DT

-- VSA-I5 VERT TAIL UPPER 112 References
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9. Kingaled, Rt. S. "Pretest Information for Mr. Beck (Boeing Comany): Would you coment
Test of the 0.035 - Scale Space Shuttle on the effect of the tiles on the response of
Vehicle Aerodynamic Noise Melel 84-OTS In the structure to acoustic noise or in-flight
.the AIS Research Center Unitary Plan Wind noise?
Tunnels (Test 182)," Roeckwell Report 8D75-
SH-0155, dated August 1975. Mr. Newbrough: It is in the paper, but it was

one of those things I left out of this presen-
10. Eiaelblau, Vi.,C c. Puller, T. D. tation. We assumed we would not take any kind

Scharton, "Assessment of Space Vehicle of a mass effect into account for those tiles.
Aeroacoustie/Vibration Prediction Design It was another conservatism factor that might
and Testing," NAASA C0-1596, dated July be built into the criteria. We basica' y did
1970. not put much in there at all, but we said that

the effect is there. The fact that the tiles

DISCUSSION are there would have to be accounted for, and
I guess we had to account for that on some of

Mr. Mitchell (Naval Air Systems Command): Did our acoustic fatigue program panels. I be-
you have any requirements for low frequency lieve we had to account for that on the pay-load bay doors. We made some corrections to
sinusoidal vibrati,,L, tests to simulate struc-
ture-borne vibration? our test environments based on that. So we

thought about it, and it was considered. We
Mr. Newbrough: From the beginning we did. We didn't reduce any of our predicted environ-

ments based on that, but we took care of itdid put in a requirement early in the progrmtests.
for some of the black box developments, but
that went away eventually during the program. Mr. Sutherland (Wvle Labs): Did you state the
We decided to divert that over to the loads relatherant of water f i v ta- the
analysis world and have the low frequency dy- relative amount of water flow relative te. the
namics factored into the steady state loads, exhaust flow rate in the water cooling sup-
Since the subject of this paper was the high pressor?
frequency random vibration environments, we
didn't touch on anything essentially below Mrt Newbrouth: It varies. I don't know the
20 Hz. exact breakdown. The total flow rate is inexcess of 700,000 gallons per minute.

Mr. Mitchell: I think you mentioned you had Mr. Sutherland: What is the mass flow rate
200 transducers on this last flight. What was ratio?
the actual quantity? 200?

Mr. Nowbrough: We had approximately 200 vibra- Mr. Newbrounh: It was .3 to1 on the main en-
tion, acoustic and strain transducers. gine side, but I don't believe it was thathigh on the SRB side.

Mr. Mitchell: Will you have similar quantity
on future flights? Do you anticipate that the Mr. Sutherland: Did you say that you didn't
next flight will have a different trajectory feel that the water cooling had any particular
and a different environment when you reach max benefit?
Q? I assume liftoff will probably be the same. Mr. Newbrousth. Ohl no! It did have signif.£-

Mr. Newbrounh: We have a full complement of cant benefit. Without it we could not have
measurements on the next three flights. Some flown the present vehicle. When I said that,

are the same as we had before, for repeatabil- I meant that it was for the ignition transient
ity, and we have new locations as well. We situation only where the SSME starts up; the
also have a new data package that is being put SSME starts roughly thrne seconds before the
on board to expand our capability in the pay- SRB fires. It is during that short time peri-
load bay. We had only four microphones in the od, half a second to a second before we come

to full thrust, that we got this high level,payload bay to defiae the payload bay environ- and we felt that perhaps the water did not
ment. We will have 14 more microphones from ave t tha t That was a pot
the Goddard Space Flight Center. They nut on have too muchebey fntur That.wastawpostulate
the D&TE system, which you may have heuz4 a- that was a theory on our part. But we know if
bout, for those measurements. Yes, there will it was a rough burning condition with the
be slightly different trajectories involved, shocks bouncing around inside the nozzles,
and we have taken that into account in our that the suppression water is down in the
data. Our trajectories were scaled to our max flare trench. We had no thrust down in that
Q environment in every case, and we did not a- area at all. So we really believe we could
chieve the maximum Q environments on this last not have launched. In fact we had a launch
flight. That is a good point; we adjusted our constraint. If yl u lose the noise suppression
data to take care of that when you saw the com- water, do not launch! Hold the flightt
parisons of the flight data with our test en-
vironmnts.
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SPACE SHUTT'LE ORBITER
ACOUSTIC FATIGUE CERTIFICATION TESTING

R. A. Stevens
Rockwell international

Downey, CaliforniaJ

The Space Shuttle orbiter is designed to accommodate a unique combination of loads
and environments not previously encountered inasmuch as the reusable vehicle is launched
vertically and lands horizontally. The orbiter is subjected to structural vibration caused by

engine exhaust-generated acoustic noise during liftoff and aerodynamic noise duringI
atmospheric flight. It was necessary to certify the orbiter structure, thermal protection
system (TPS), mechanisms, and equipment, and to gather empirical data to support fatigue
analyses and to update vibration and internal noise criteria before the completion of the

orbiter flight test (OFT) program.

The requirement has largely been satisfied by the partial completion of a
comprehensive acoustic fatigue development and certification test progran.. This paper
addresses the certification portion of the program supporting OFT, including test article
selection, objectives, environments, results, and conclusions. Also included are comparisons
of ground and flight test data.

INTRODUCTION program completed to support the orbiter flight test
program. Additional acoustic fatigue testing is planned to

The Space Shuttle was developed to satisfy the support orbiter certification for operational flight; the result
requirements of NASA and DoD to econiomically put a of this testing will be reported later.
variety of payloads (PL's) into low earth .,rbit, and to serve
as a reusable first stage in putting othir payloads into higher TEST ARTICLE SELECTION
orbits, geosynchronous orbits, or planetary trajectories at low
cost. Orbital servicing and retrieving of payloads are also Test articles for the program were selected based on the
Planned under certain conditions. Payloads are carried in the diversity if parameters affecting the fatigue life-principally
orbiter cargo bay, which is 60 feet long and 15 feet in
diameter. Ref. (1 throughn 4] provide an overview of the
Shuttle configuration and mission and discussions of various
technical issues (Figs. 1 and 2).

The fluctuating pressure loads are the principal sources
of structural vibration. Structural vibration could cause
malfunction and/or fatigue of vehicle components, primary
and secondary structure, and/or TPS.

Because of the vibratory loads, requirements were
defined to demonstrate the integrity of structure, TPS,
mechanisms, and components, and to obtain data to update
vibration criteria, noise transmission predictions, and support
fatigue analyses prior to flight. The reqjuirements have been
satisfied by partially completing a comprehensive acoustic
fatigue development and certification test program. The
development program was described in Ref. (5 and 61; this
paper addresses the orbiter acoustic fatigue certification test Fig. I - Space Shuttle configuration
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--VR'ML TAN orbital maneuvering subsystem (OMS) are graphite-epoxy
~ ~ 9 ~ honeycomb; the aft fuselage and vertical stabiliter are

primarily of integrally machined waffle construction; the mid
fuselage is primarily integrally machined [-stiffeners; and the

"N •wings have unique hat stiffeners. In addition, most metallic
STG skirt-stringer configuratios are machined and/or chem-

• MAIDW IN •RV milled. With the uxception of the' graphite-epoxy sections and

the windows, the external structure is made mainly of 2024

1 ,_ o ....... aluminum alloy. The orbiter subcontractors are shown in
LAW .'r 1 I NA.L~k F ig . 3 .

MMIZMTALThe TPS for the orbiter structure generally consists of
KN SWLo.,, "more than 30,000 coated silica tiles called reusable surface

insulation (RSI), each ranging up to 8 by 8 in. in area and
,•,@ LAN from 0.2 in. to 4.75 in. in thickness. The area and thickness

Fig. 2 -Space Shuttle mission profite of the tiles are determined by local entry heating
environments. The lower surface is covered with

the variation in structural and TPS configurations and in high-temperature RSI (HRSI); the sides and upper surface are
aeroacoustic environments. Results of the acoustic fatigue generally covered with low-temperature RSI (LRSI) and felt
development test program also influenced the selection RSI (FRSI).
process.

The heating on the nose and leading edges of the wings
In most conventional aircraft and spacecraft programs, exceeds the capability of the RSI. A graphite composite

the contractor performs the design and analysis while the called reinforced carbon-carbon (RCCi is used for these
subcontractor does the fabrication. In the Shuttle program, sections. Thermal and aerodynamic seals are prominently
the subcontractor performed all three functions using vehicle used on many doors and control surfaces of the orbiter.
loads specified by the contractor. The subcontractor was free Fig. .4 shows the general layout. Ref. [7 and 8j present a
to select his preferred structural configuration, so long as material and mechanical overview of the TPS.
certain weight goals were achieved. As a result, the orbite,
structure is highly varied: the forward fuselage has mainly There is a large spatial variation of the aeroacoustic
hat-stiffeners; the payload bay doors and the skin of the environments, especially during ascent transonic/qmax period

VERTICAL TAIL
FAIRCHILD-REPUBLIC

ORBITAL MANEUVERING
CARGO DOORS SUBSYSTEM
TULSA DIVISION MCDONNELL DOUGLAS
ROCKWELL INTERNATIONAL

WING

LEADING EDGE GRUMMAN
VOUGHT

\ AFT FUSELAGE
NORTH AMERICAN
SPACE OPERATIONS
ROCKWELL INTERNATIONAL

FORWARD FUSE LAGE
NORTH AMERICAN
SPACE OPERATIONS
ROCKWELL INTERNATIONAL

I MAIN LANDING GEAR• MID FUSELAGE MENASCO MANUFACTURING
GENERAL DYNAMICS/CONVAIR

NOSE LANDING GEAR REUSABLE SURFACE INSULATION
MENASCO MANUFACTURING LOCKHEED MISSILES AND SPACE

NOTE: THIS ILLUSTRATION DOES NOT INCLUDE ALL
ORBITER SUBCONTRACTORS

Fig. 3 - Structural subcontractors of the Shuttle orbiter
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GENERAL TEST REQUIREMENTS AND RESULTS

Test Objective

_ UUFCThe objectives of each test varied slightly. The general
A. SURFACE "objectives were to demonstrate and/or evaluate the integnty

of the structure, TPS, seals, thermal barriers, gap fillers,
-. ,401 T RAURUt4 CARSIN mechanisms, and components, and to obtain data to

SRA INSULATION (1) support fatigue analysis of structure, (2) expand the
SURFACI INSULATION vibroacousti data base, (3) support WS analysis,
COATED NONES FELT ,

SMETAL Of CLASS (4) correlate with development flight instrumentation (DFI),
and (5) compare internal and external noise to determine
noise transmission (NT).

Teat Article Description

Fig. 4 - Material elements used for the orbiter thermal

protection subsystem The test articles selected are shown in Fig. 7. The
structural configuration of all test articles was according to

of flight, hereafter called aerodynamic noise. For this reason, the production drawings. Because of the availability and cost
and the structural variations listed above, the orbiter was of production RSI, most of the test articles had some
divided into manv exterior vibroacoustic zones. Figs. 5 and 6 simulated RSI (SRSI). The exceptions were the payload bay
show these zones plus the predicted maximum overall sound doors, which had no acreage RSI; the environment based on
pressure level for lftoff (XXX) and the maximum overall the results of development testing was adjusted accordingly.
fluctuating pressure level for ascent transonic/qraax XXX The dynamic characteristics of the SRSI were proven

adequate for use in the certification program during the
LIFTOFF (XXXA L development program. Most of the acoustic fatigue

lion Acertification test articles had at least 25 percent production
OIS RSl.

PAYLOAD I OO RS / (lo ]

SA"• Test Environment

FLAP Prior to acoustic testing, the dynamics of each testFO RWA RD 

06"I nm I

F-UISEAL article with its test fixture were characterized in a modal
(I "M We . 101 1 M survey and analysis. The results of the modal survey and

analysis were used to locate critical strain gauges and
)GLOVE IA ELEVO accelerometers for acoustic testing, to evaluate the test
I iln w fixture, to ensure that all dynamic inputs to the test article

SOSI T RO MID WING were realistic, and to develop a model to support fatigue life
a SIDE F FUSELAG (01 1 analysis of the primary structure. Because some of the test

articles were completely covered with RS1 and/or SRSI,Fig. 5 - Orbiter aeroacoustic zones: top and side with atce eecmltl oee ihRIado KI

maximum 5 or eraU sound pressure tevel for liitoff visual inspection of the structure was virtually impossible. In
and transonic these cases, modal testing was used as a supplementary

ELEVON LIFTOFF (XXX) SA1

INBOARD TRANSO#4IJqn,,,X
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104 
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Fige. 6.- Orbiter aeroacoustic zones: bottom with maximum

overall sound pressure hevels for liftoff and transonic Fig. 7 - General locations of the test articles
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inspection tool. Comparisons of mode shapes, frequencies, for all of the orbiter test articles is considered beyond the
and damping were conducted periodically between exposures scope of this paper. However, two test articles have been
during the acoustic testing. If changes were detected, it was addressed in more detail: the AFA-15 body flap (Fig. 8), and
concluded that load path changes had occurred that implied the WA-19 wing (with leading edge) (Fig. 9). These articles
potential structural failure, were tested at the NASA Johnson Space Center USC) Sonic

Fatigue Laboratory (SFL). Other facilities are referred to in
Table 1 shows the acoustic environments used for each Table 1.

test article. The environments and durations were developed
using the methods described in Ref. [6 and 9]. For some test 7CANT,!VIRW
articles, the acoustic environments (aerodynamic and liftoff) TILES

were combined to form a composite. The cumulative damage
theory was used to develop the composite environments
Ret. [9 and 10]. The primary reason for using composites
was to simplify testing. Enveloping of zonal environments
(Le., upper and lower wing, elevon) was also used to develop
acoustic test environments. if enveloping procedures were
not used, special fixtures would have had to be designed and
fabricated; the cost and schedules involved were prohibitive.

Because of the extreme difference in spectrum shape
between the aerodynamic shock (hereafter called aeroshock)
and aerodynamic environments, composite techniques were
not used for these cases. In most cases, the entire test article
was exposed to the aeroshock test condition, even though the
aeroshock environment (usually caused by a large pressure
gradient) was predicted and subsequently found relatively
local in flight. The reasons for not confining the aeroshock to
a local region during the applicable tests wtre the cost and
schedule needed to f.tbricate special test fixtures. Aeroshock Ft. 8 - Body flap test article AFA-15
testing of entire test articles proved to be conservative,
of course. On some test articles, however, the aerosho-k
environment was applied locally. This was called hot
spotting. Hot spotting was usually done by positioning
low-frequency horns adjacent to the local area of interest. An
important observation was made from the hot spot tests:
when the aeroshock environment was applied locally and
simultaneously with the aerodyh.amic environment, no A.
significant increase in vibration response was observed over
the presence of aerodynamic excitation alone.

If no structural failures were detected after •
100equivalent missions, further acoustic testing was

conducted on most test articles listed in Table 1 until failure '
occured or until a very large number of equivalent missions
were applied to preclude the possibility of failure. The most
common method .,f intentionally inducing fatigue failure is
called accelerated testing, which is accomplished by
increasing the acoustic levels. The determination of the
time-to-failure and location of the failure is desirable to
support acoustic fatigue analysis. It was determined that 500
equivalent missions was an adequate duration to achieve
failure, if failure was possible. When the levels were increased,
the durations were reduced using linear fatigue damage
hypotheses as described in Rer. [9 and 10].

Test Results

A general overview of the test results is presented in
Table 1. Each test article was the subject of a separate report,
Ref. [11 through 24]. A thorough description of test results Fig. 9 - Wing (with leading edge) test article W.A-1 9
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Acoustic Fatigue Certificatio" Test Sumnmary
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BODY FLAP ACOUSTIC AND FLIGHT TEST DATA attaching an edge tile to the structure. Fig. 14 shows the
normal response of one of these tiles, one in the center of the

Acoustic Test footprint and the other in center of the cantilevered area.
Tile rocking is observed, making it susceptible to early

The acoustic environments for the body flap test are failure. Fig. 14 also shows the lateral response, which is
shown in Fig. 10. The facility was able to achieve the test significantly lower than the normal.
environment within the specified tolerance in each 1/3-octave
band. Vibration responses measured on the skin between Flight Data
frames and at a franme-skin interface are compared with the
predicted body flap vibration in Fig. 11. The predicted and Fig. 15 shows time histories of acoustic and vibration
measured skin vibration compared favorably except below measurements for the body flap during the liftoff period of
100 Hz. The acoustic and vibration criteria were developed the first Shuttle flight (S1S-I). Two transitory periods are
using the methods described in Ref. [6]. Fig. 12 compares prominent. The first occurs during Space Shuttle main engine
external and internal noise measured at the liftoff condition. (SSME) ignition (MEi). The design of the engines require a
Noise reduction greater than the 10-di predicted is observed. fuel lead and then, because of the extremely high operational
The predicted noise transmission was developed using data pressures, a pause is required in the thrust build-up to permit
obtained early in the Shuttle program, Ref. [51. stabilization of the high-pressure fuel and oxidizer pumps.

During this pause, the partially full exhaust flow in the
Fig. 13 compares vibration data for the structure and nozzle is extremely rough and small explosive detonations are

one of the tiles. It can be concluded that the tile and occurring downstream of the nozzle exit as unburned fuel in
structure responded together in the normal direction up to the exhaust explosively mixes with the atmospheric oxygen.
about 250 Hz, but above this frequency the tile decouples As shown in the time histories, this transitory noise and
from the structure. Pesults of this type were typical for subsequent vibration equals or exceeds the levels experienced
several test articles. Using coherence analysis and vibration from combined SSME and solid rocket booster (SRB)
data from another acoustic test of structure-TPS, Ref. 1251 operation as the vehicle clears the launch pad.
concluded that the structural vibration was the main exciter
of tile response below 250 Hz whereas the acoustic pressure The second transiory peak, shown only in the acoustic
was the main exciter between 250 and 800 Hz. time history, occurs during SRB ignition. This peak is really a

low-frequency pressure wave caused by the dynamic
As seen in Fig. 8 and the top of Fig. 14, several edge interaction between the stationary air mass in and around the

tiles are cantilevered over the trailing edge and sides of the nozzle and the sudden onset of high-velocity exhaust gases
body flap, leaving only a small area (called a footprint) for through the nozzle as engine chamber pressure rapidly
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Fig. 10 - Acoustic criteria for body flap acoustic test AFA-15
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- increases during the ignition phase. The result is the

=. { &Ob-7~- formation of a weak blast-wave ija the air. However, is seen in

Fig. 15, the body flap vibration time history shows no
-, - . ignificant peak at this time, although other orbiter locations

show appreciable responses.

~ Figs. 16 and 17 compare flight acoustic and vibration
spectra for MEl, the remaining portion of liftoff (relatively
steady burn of the main engini's) ~and for the aerodynamic
period of flight. Fig. 18 shows that the difference between
external and internal noise is in~ excess of 10 dB at liftoff
(excluding MEl).

VIORATION TIME HISTORY

__ _ - _-~--BODY FLAP COMPARISON AND OBSERVATIONS
-Mel if-.--- LIFTOFF (EXCEPT Ml

-- Figs. 10 and 16 show the predicted acoustic and
-measured flight acoustic spectra tot the liftof' and

ORB IONI!IW4-..... aerodynamic conditions. At MEl, the flight acoustic
I' environment exceeds the predicted by as much as 6 dB

- - between 50 and 100 Hr and up to 3 dB above 250 Hz. The
liftoff predicted criteria exceeds the measured liftoff
environment (except MEI) by 4 to 12 dB depending on the

1: 1(3-octave frequency band compared. When the aerodynamic
condition is compared, the predicted exceeds the measured in
the frequencies of interest by at least 10 dB.

Ac~uTICTIMEHISORYFigs. 11 and 17 presenitthe vibration response of the skin
fromi the acoustic and flight test. The acoustic test vibration
response conmpares favorably with the vibration response

Fag. 15 - Boady flap v'ibration and acoustic time histories measured during MEl, except below 100 Hz. The flight
obtained from STS- I vibration response measured during the remaining portion of
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Fig. 16 - Body fL~p acoustic spectra obtained from STS- 1
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Fig. 17? - Random vibration response data obtained frora body flap measuremnent on STS-1

liftoff is about 10 dB lower than the acoustic test vibration 0 Because the flight aerodynamic acoustic and
response. if the aerodynamic condition is compared, the vibration environments were so much lower than
acoustic test vibration response exceeds the flight response liftoff, their contribution to fatigue damage was
by about 2o dB. considered negligible. Therefore, there was no need

to apply to aerodynamic environment during the
Figs. 12 and 18 show that the acoustic and flight test acoustic test.

external to internal ;ioise differences compare favorably at
liftoff (except MEI). In this case, the initially predicted valuel The first comparison indicated that the acoustic te~t
of 10 dB reduction proved to be conservative. produced an overtest o.' vibration response below 100 Hz.

The probable cause for some of the excessve vibration is the
The exposure time for the liftoff condition for the semireverberant chamber used for the acoustic test.

acoustic test [Ref. 9 and 191 and, the flight test (Fig. 15 A comparison of ground and flight test data associated with
partially displayed) are 5 and 8 sec., respectively. The most of the test articles noted in Table I has been conducted.
duration at high amplitude for the MEI portion of liftoff can In almost every case, if the test article had low-frequency
be observed from fig. 15 to be about 0.5 sec. Modes (below 100 Hz), the semireverberent ankd reverberent

one an onclde rom hes comarions hatchambers excited some of them. No evidence was found
during the STS-1I flight that this occurred. This indicates t~hat

" TheMEIflig acustc eniromen excedsthe an overtest, to some degree, in the low frequency region
Th E lgtacoustic ts environment by6d etweeds Sho occurred on all of the test articles.

and 100 Hz, whereas the vibration response from
the acoustic test exceeds that from flight by 6 dB BODY FLAP ACOUSTIC RETEST
in the same frequency band. if the MEi flight
acous.ic spectrum had been utilized for the During the 100-mission acoustic test exposure of the
acoustic test, a 12 dB overtest would iiave resulted. be~ly flap test article, several TPS and structural failures

occurred. The testing was interrupted a few times because of
" The exposure time associated with the flight liftoff a loss of HR.SI tides, especially those cantilevered over the

condition (except MEI) was longer than predicted trailing edge of the body flap. Differences in strain gauge
but the flight acoustic and vibration environments readings during acoustic exposure as well as differences in
(except MEI) were much lower th,-it the predicted modal behavior (as measured from modal surveys conducted
liftoff levels. As a result, the acoustic test could betwteen acoustic exposure periods) indicated progression of
have produced great.-r fatigue damage than did stu~ctural failures throughout the test [Ref. 26], Several
flight. structural failures were observed during inspection at the end
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Fig. 18 - Comparison of body flap external and internal noise obtained during liftoff of STS-I

of the test. Because tim.-to-failures could not be accurately vibration responses compare favorably with the predicted;
pinpointed, the test article is presently being refurbished and however, as in many other zones of the orbiter, measured
is scheduled to be retested using the revised criteria shown in skin-frame interface vibration exceeds the predicted. The
Fig. 19. The revised acoustic test environment was in-plane skin vibration is also plotted on Fig. 22. Except at
established using flight data and the vibroacoustic test 1,500 Hz. it is at least 10 dB less than the normal skin
method concept developed in Ref. [27], i.e., selecting an response. Fig. 23 presents measured vibration response in a
acoustic environment to produce a given vibration response. direction normal to the RCC surface.

WING (WITH LEADING EDGE) At the conclusion of the test, a visual inspe.:tion of the

ACOUSTIC AND FLIGHT TEST DATA test article revealed two points of structural failure in a
mini-frame. The locations of the failures are illustrated in

Acoustic Test Figs. 24, 25, and 26. Complete separation shown in Fig. 25 of
the mini-rib occurrtd at about 350 mission-equivalents of

The acoustic environments shown in Fig. 20 for the accelerated testing. This was deteimined from rapid changes

wing (with leading edge) WA-19 test were developed by in strain gauge readings located near the failure (located as a

enveloping the predicted upper and lower wing liftoff and result of the modal survey). The other point of failure

aerodynamic flight environments and deriving a composite deteated after testing was a crac ( in the same mini-frame

using Miner's rule [Ref. 24]. The accelerated test (Fig. 26). The strain data at the first point of failure was used

environment (used to attempt to fail the structure), also to estimate the time the crack occurred to be equivalent to

shown in Fig. 20, was also developed using Miner's rule, The 320 missions.

acoustic test exposed the test article to the equivalent of
500 missions, Flight Data

The predicted decrease in noise from outside to inside Fig. 27 shows the time histories of the flight acoustic

the wing structure and the RCC cavity was 10 dB [Ret. 51. and vibration mreasurements for the wing during STS-1
Fig. 21 shows external and internal noise spectra obtained liftoff. A review of the acoustic time history shows a high
from the ground test. The comparison shows a 10 dB or SRB ignition overpressure pulse; however, as noted earlier
greater reduction in each 1/3-octave band. with the body flap, no appreciable wing vibration is observed.

Fig. 22 compares predicted and measured wing Figs. 28 and 29 show the acoustic and vibration spectra
(including leading edge) vibration response for the skin and that the wing encountered during the liftoff (including MEl
the skin-frame interface in the normal direction. The skin and SRB ignition) and aerodynamic portions of Shuttle flight
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STS-1 Fig. 30 displays a comparison of external and internal The exposure time for the liftoff condition ior the
noise during liftoff of Shuttle flight STS-1. acoumtic test [Ref. 9 and 221 and the flight test at hight

amplitude (Fig. 27) was S sec.

WING (WITH LEADING EDGE)
COMPARISONS AND OVSERVATIONS Some conclusions from thee comparisons are.

Firt. 20 and 28 show the predicted and measured flight Even though the acoustic environments compared

acoustic spectra for the liftoff and aerodynamic conditions. favorably, the vibration response was lower except

The iiftoff (except MEI) levels compare favorably. MEI levels at 600 Hi. The result was that the acoustic test

above 80 Hz rxe lower than the liftoff (except MEI) levels by conduc~ed was conservative at damaing

as much as 8 db. As shown in Fig. 28, the flight aerodynamic frequencies.

spectrum is at least 10 dB lower than the flight liftoff 0 Durations at the liftoff condition were the same
environment and certainly lower than predicted (predicted for the acoustic ard fligt test; therefore, the
not shown because of composite). acoustic test duration was adequate.

Figs. 22 and 29 display the vibration of the wing skin * As in the case of the body flap, the flight
from the acoustic and flight test and the predicted vibration aerodynamic acoustic and vibration environments
critera for the skin and skin-frame interface. The acoustic test were much lower than liftoff and therefore th.ir
vibration response is at least 6 dB higher than the flight contribution to fatigue damage was considered
liftoff environment except at 600 Hz. The flight aerodynamic negligible. A composite criteria for the liftoff aid
vibration shown in Fig. 29 is much lower than the liftoff aerodynam;c conoCawns for the acoustic test was
case. This was expected because of the difference in the justified.
acoustic ground and flight test spectra.

"-0 Even though the ground test vibration response at
Figs. 21 and 30 show that the acoustic and flight test the skin-frame interface exceeded the vibration

external to internal noise differences compare favorably. The criteria, the flight data measured on the skin
flight tesc external to internal ncise transmission exceeds the clearly indicates the prediction was conservative
10 dB predicted value. (Fig. 29).
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WING (INCLUDING LEADING 3DGE) RTSTl3

The acoustic test article has been reconfigured and
additional testing of the TPS associated with the wing leading
edge (RCC, attach points, and internal thermal insulation) is
planned. The test article nomenclature was also revised to
T35 . The revised acoustic test environment was established
using flight data, and, as in the cae of the body flap, the
vibroacoustic test method concept. fPt 31 shows the revised
acoustk test criteria for the planned test. Duration for the
test were developed using data shown in Fig. 27.
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Fig. 31 - R d acoustic criteria for the wing leadng e.e; acoustic test T35
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Paul A. Cooper
NASA Langley Research Center

"HMoton, Virginia

The ceramic Thermal Pr~otction System (TP) consists of ceramic tiles bWnded
to felt pads which art in turn bonded to the Orbiter substructure to protect
the almmirumm substructure from the heat of reentry. The successful certifi-
cation of the TPS; for first flight reouired the Joint effort of several UASA
centers, the prime contractor, and university consultants -led by the TPS
system manawes from the KAMA 4Jo#nson Space Center. This paper describes
the TPS and addresses the results of some of the experimental work including
dynamic respsons studies perfonrm'd at the KASA Langley Research Center in
support of the efforts to certify the TPS for flight.

INMhOUCTION individual tiles with side dimensions of the
order of six inches or less. About 30,000 t:1les

Based on both weight and cost considen.- of various sizes and shapes cover slightly over
tions, the Shuttle Orbiter was designed in large 70 of the Orbiter's exterior. Gaps between the
part as a conventional skin-stringer aluminum tiles allow for Meltive motion as the aluminum
aircraft structure. The properties of al uminum skin expands or contracts and the substructure
dictate that the maxiwum tempraturt of the skin deforms. The allowance for relative motion
be maintained below 3S0 F. Aerothermal heating alone is not sufficient to protect the integrity
during ascent and v entry creates surface equl- of the ceramic material. To Isolate the strain
librium temperatures well above this level and, of the aluminum substructurv from the tile, the
in many places, above the melting point of tile is first banded to a strala-iWoator pad
aluminum. This heatingq necessitates some form (SIP) using an elestomeric, room-temperature-
of Insulation. The Shuttle design goal of 100- vulcanizing (RTV) silicone adhesive. Then the
mission reusability with minimum turnaround time tile ard SIP combiration is bondd to the
between flights Aictated the use of a light- aluminum skin with the same adhesive. The SIP
weight, nonablative, Thermal Protection System has very- low shear and extensional moduli and
(TPS) which could withstand the thermal cycles protects the brittle ceramic materiel from
and environmental loads of space flight, deformations of the aluminum structure.

In the early 1970s. NASA and the Space Initially, the loads expected on the TPS
Division of Rockwell International, the prima came well within the strength of RSI and SIP.
contractor for the Orbiter, agreqd to use a As the design of the Orbiter progressed, mission
newly develpopd TPS ceramic material formulated requirem~cs became firmer and load predictions
and manufactured by Lockheed Missiles & Space becamtr,` ined. It became obvious that the TPS
Co. The TPS acts as an excellent insulation for would have to withstand loads higher than ini-
surface ecuilibrium temperatures up to 2300 F. tially anti'cipat~ed. Although the refined loads
This ceramic is highly brittle and has strain- rieduced margins of safety in most cases they
to-failure performance of approximately 0.002-- caused stresses within the strength of RS1 and
considerably below the expected combined SIP if considered -Independently. Because of
mechanical and thermal operating strain of tim. budgetary constraints on the project, tests of
aluminwi skin. In addition. the ceraric has a the TPS as a complete system of .ISI/WTV/SIP wer*
coefficient ot linear thersial expansion well delayed till the spring of 1979 when most of the
below that of aluminum. Thermal and mechanical tiles had been already installed on the first
expansion and contraction of the aluminum skin orbiter. These tests of the RSI/RTV/SIP as a
would crack ceramic m~aterial bonded directly to system revealed the system tensile strength to
it. be significantly less than the tensile strength

of the ind"ividual components. This situation
To protect the reusable surface insulation cawised negative margins of safety over large

(RSI) from excessive strain, the ceramic insula- areas of the Orbiter TPS.
tion was placed on the alumtinum in the form of

101



An intense effort--Involving several NASA covers ars where surface temperatures do not
centers, industrial concerns,: and universities-- exceed 700 F during entry or 750 F during ascent.
was mounted to understand thoroughly"the TPS as
a structural system and solve the problems M S URI

"associated with the high-load, ares. As a part -ASIof this effort,. in the fell of 1979 L4•1*g' -'l e-y. K~v []
'' Research Center began investigating static and MCC

dynamic structural mechanics of. the TPS and its L is 01
individual cmoets • The results of this".
Investigation will be used to give the reader."t
insight into tNe material and. structural charac-,- "1 ruFs TI 1
taristics of the TPS, the problems in its design
that contributed to the delay of the first
launch, and the techniques used to resolve theseproblems. •

TPS DESCRIPTION

The isotherm plot in Fig. 1 gives typical A ATOP

expected maximum surface temperatures for the
Orbiter in a nominel trajectory--a range of
maximm surface equilibrium tmperatures from a
low of 600 F on the upper surface aft of the ' SEAL
cockpit to a high of almost 2700 F at the fuse-
lage nosecap. The Orbiter's skin (mainly 2024,
2219, or 2124 aluminum, with graphite/epoxy.used P L LWS -
for the cargo-bay door) has, as mentioned, a
designed maximum use temperature of 350 F, thus
all surfaces must be insulated.

NW Fig. 2 - Distribution of TPS

Other thermal barriers include thermal windows,
aerothermal seals to restrict hot-gas flow into
control.turface cavities, and tile filler bars
(strips of coated felt banded to the structural
surface between tiles to prevent direct heat-

"W IMy radiation or convection to the skin). Tile-gap
SUE fillers--pads made from an alumina met covered

8W Inv with a cermic fabric--bonded to filler bars
I 40W.• . between tiles in high-pressure-gradient areas

Smy . ,,4 restrict the flow of hot gas betw•e adJacent
aw rw -. tiles. Pads of this type are also used as

W thermal barriers around structural penetrations
such as landing gear doors. Internal blankets

Inv .are used as insulation to protect the structure
2-- - " from internal surface heat radiation where RCC

low_ UN _____ ,_ is used, and are used extensively throughout for
thermal management.

Fig. 1 - Maximum surface temperatures expected There ore three types of ceramic RSI:

Class I, Class '11, and LI-2200 tiles:
The various insulation procedures used for

temperature control of the structural skin (see Class I tiles cover areas where the maximum
Fig. 2) include reinforced carbon-carbon (RCC), surface temperature should run between 7?N and
two types of ceramic reusable surface insulation 1200 F. They have a white ceramic coating with
tiles, and a limited amount of nonreusable a low solar absorptance to help maintain low
ablative material. RCC, a carbon cloth impreg- temperature in orbit by reflecting solar radio-
noted with additional carbon, heat-treated, and tion. These tiles are designated Low-tempera-
then coated with silicon carbide, has a reuse ture Reusable Surface Insulation (LRSI).
temperature of 2900 F. The two types of ceramic
RS1 tiles, one of which is made in two different Class It tiles cover areas where the maxi-
densities, cover regions experiencing surface mum surface temperatures are between 1200 and
temperatures between 700 and 2300 F. A blanket 2300 F. They have a black ceramic coating with
of Felt Reusable Surface Insulation (FRSI) a high surface emittt-.e to radiate heat
coated with room-temperature curing silicon efficiently during reentry. These tiles are

102



designated High-temperature Reusable Surface
Insulation 1HRSI).

Lockheed manufactures both the Cla's I and
Class IT tiles from a 9 'lb/ftJ ceramic RMI
designated LI-jOO. The third type of cerýmic
RSI, designated LT-2200, has the same co i.g as
',;lass II tiles but a higher density (22 lb/ft 3 )
and strength. The Orbiter utas only a small
number of LI-22W0 tiles in aieas of high concen-
trated loads, usually around penetrations such

as landing-gear doors or in the forward-fuselage
area near RCC Interfaces where higher heat
resistance is required to handle surface temper-
atures which can reach 2600 F. Tile thickress ra
varies according to heat load and requirements
for maintaining the aerodynamic outer moldline.
The tiles range from less than 1/2 in. thick for
LRSI at the upper mid-fuselage region to 6 in.
thick for HRSI on the body flap's lower surface.
Both the LI-900 and LI-2200 tiles are cut and Fig. 3 - Photomicrograph of LI-900 RSI
shaped from larger ceramic blocks to fit
specific Orbiter areas. The blocks are composed
of compacted 1.5-micron-diam. silica fibers
bound together by collodial silica fused during WHIT RCG BLCKRCG
a 4-hr. sintering process in which temperatures COATING-' LRSI HRSI /COATING
reach 2400 F. The tiles are then coated on five .

sides with reaction-cured glass (RCG) consisting LI- -900OR L-2200
of silica, boron oxide, and silicon tetraboride 900 L L

and glazed at 2000 F. A silicon polymer water-
proofs the uncoated side. Tne microstructure of
the RSI is shown in Fig. 3; voids comprise over ;0 . ....

90% of the resultant tile. R BAR. "-ALUMINUM/IL ALLOY SKIN

The SIP is formed from nylon fibers (trade FSTRAIN ISOLATOR PAD.
name Nomex). A barbed neadle is passed -RTV560BONDLINE NOMEXFELT
repeatedly through the pad in a sewing-like 0.2 mm (0.0075 In.) .16 In. THICK FOR 11-900

procedure which compacts the fibers oriented THICK .09In. THICK FOR U-2200

transversely to the pad to provide tensile
strength through the pad thickness (see Fig. 4). Fig. 5 - TPS assembly

WW A
S--, -L-..
.. •.•&VAIN,• 't -.••• .'• I .. TRAN!SVERSF ES't-" " "

Fig. 4 - Photomicrograph of SIP

Figure 5 depicts the complete TPS highly loaded tiles. The RCG coating on the
assemblage in schematic forim, and Fig. 6 shows sides of the tile does not extend to the filler
actual components in va-ious stages of astembly bar thus allowing the porous tile to vent.
for test specimens. ivk:t tiller bars are bonded
only to the aluminum 'abstructure, not to the Tensile loads applied normal to the SIP are
RSI t;les and thus provide a vent path for the transmitted across it along the transverse fiber
SIP during ascent. In selected areas, the tiles bundles at discrete regions shown in Fig. 4.
also bond to the filler bars to distribute loads Stress concentrations fro- this local load
over a larger area and reduce the stress on transfer reduce system tensile strength by about
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50% for both the LI-900 and the LI-2200 TPS as stress field for RSI bonded to SIP. The SIP/
shown in Table 1. The failure of the system photoelastic-material interface exhibits dis-
under a transverse tension load occurs at the crete stress risers all along the interface. In
SIP/RSI interface as shown in Fig. 7. contrast, the aluminum/photoelastic material

interface shows only corner stress concentra-
Table 1 tions caused by the differential stiffnesses of

Tensile Strength of TPS Componints the materials. The stress concentration
factors measured at the SIP/photoelastlc-

psi material interface were as high as 1.9 and

L1-900 Ceramic RSI 24.0* account for the reduced strength of the SIP/RSI
.160 in. SIP 41.0 assemblage.
RTV 560 Adhesive 480
RTV/LI-900 RSI/RTV/.160 SIP/RTV 11.7

LI-2200 RSI 60.0
.090 in. SIP 68.0
RTV 560 Adhesive 480
RTV/LI-2200 RSI/RTV/.090 SIP/RTV 28.7
* Values obtained from internal Rockwell

International Documentation.

Fig. 8 - Photoelastic study of SIP load transfer
to RSI

Fig. 7 Tensile failure mode of RSI
DENSIFICATION OF BONDING SURFACE

A photoelastic study demonstrated that the In 1979, Rockwell International, NASA-
reduced strength occurred because of the load- Johnson and -Ames investigated several proce-
transfer mechanisms of the SIP. A highly sensi- dures to strengthen this RSI/SIP interface. The
tive photoelastic material was bonded to the SIP most effective of these procedures was a densi-
using RTV adhesive. The photoelastic material fication of the bonding surface of the RSI. In
gives optical signals proportional to the inter- the densification procedure, the voids between
nal stress level when viewed under polarized fibers at the bonding surface are filled by a
light. Figure 8 shows the photoelastic specimen ceramic slurry--a mixture of DuPont's Ludox (a
loaded in tension and the expected resultant colloidal silica) and a silica slip consisting
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of a mixture of small particles cf silica and outside the densified zone or in the SIP for the
water. A controlled amount of this mixture, LI-2200 RSI. Densification increases the
pigmented to give an identifying light-gray average static tensile strength almost 100% for
color, Is brushed on the surface to be densified. the LI-900 RSI and over 601 for the LI-2200 RSI,
The mixture is air-dried for 24 hours and oven- as shown in Table 2.
dried at 150 F for 2 hours and then waterproofed
by exposing the tile to vapors of methyltri- Table 2
methoxy silane (Dow-Corning Z-6070) and acetic Comparative Strength of Densified
acid at 350 F. This mixture provides a hard, and Strength of TPs
strong, nearly continuous densified layer. The and Undensified TPS
density decreases gradually toward the interior 0.160 SIP/undensified L-900........... 11.8
of the tile. Most of the densificatlon material 0.160 SIP/densified L1-900.............22.6
remains within 0.11 in. of the bonding surface 0.090 SIP/densified LI-22O ................. 2
for the LI-900 RSI. The photomicrograph of the 0.090 SIP/undensified LI-2200 ........... 30.2
bonding surface in Fig. 9 clearly shows the 0.090 SIP/denslfied 11-2Ž J0............46.3
larger particles and the result of densification
by comparison with the undensifiea RSI shown in PROOF TEST
Fig. 3.

To obtain allowable-strength predictions, a
* large number of tensile tests of individual

material components (the RSI, sIP, and RTV) pre-
ceded full-scale tile production. When it was
discovered that the system had considerably less
strength than the weakest of the individual com-
ponents, these "allowable" values could no
longer be used in evaluating the margin of
safety of the tile at various places on the
Orbiter. Indeed, new statistical interpreta-
tions of a small number of complete system
tests (RSI/RTV/SIP/RTV) indicated that a large
number of tiles already installed on the Orbiter
possessed negative margins.

Rather than rely on such predictions, a
proof tensile load equal to 1.25 to 1.4 times
the maximum equivalent static load expected
during flight (lin!, load) was applied to tiles
already installed on the Orbiter. Figure 11

Fig. 9 - Photomicrogreph of densified tile shows the proof-test fixture which Incorporated
a vacuum chuck to load a tile. If a tile
survived the proof load, presumably it had suf-

Densification of the tile surface ficient static strength to give a positive
strengthens the SIP/tile Interface sufficiently margin of safety. Failure under proof test was
so that the high concentrations of stresses at determined by either separation from the sub-
the interface can be supported and redistributed. structure or exceedance of measured noise counts
Failure under static tensile load occurs in the in an acoustic emission te3t. If a tile failed
RSI outside the densified zone for the L-900 in 4er proof test, it was removed and densified
RSI as shown in Fig. 10 and either in the RSC T V!

Fig. 10 - Tensile failure mode of densified TPS Fig. 11 - Proof test of installed tiles
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or replaced with a densified tile. In addition, Indeed, the form of the static response of
any tile whose predicted limit stress dictated a the SIP to load continuously changes as more
proof stress higher than 10 psi was autometi- load cycles are applied. The material develops
cally removed, densified, and reinstalled, a continuously Increasing region of low stiff-
Every HRSI tile installed after October 31, 1979, ness. The SIP material behavior thus is highly
has been a densified tile. nonlinear, dependent on its prior load history,

and after "load conditioning" has a sizeable
Moreover, since the strength of a densified low-stiffness region.

system now depends on the strength of the RSI, a
nondestructive test has been introduced that Tests also show that under constant load
assures using only high-strength RSI tiles. On the SIP can exhibit a large amount of non-
the basis of several hundred tensile tests, recoverable creep and that tVie ultimate strength
Rockwell has found a strong correlation between is a function of the rate of loading. At higher
the velocity of sound through the tile material load-rates the SIP exhibits higher strengths.
and its tensile strength. The combination of The shear characteristics of the SIP have
tile-material acceptance based on this sonic similar nonlinear behavior.
test and verification of the strength of the
bond from the tension tests of tiles in place Based on the SIP stress-strain response
assures the integrity of the densified tiles after a proof test has been performed, analysis
under static loading. shows that higher stresses result at the tile/

SIP interface under certain load conditions than
SIP STATIC RESPONSE would be predicted by linear analysis. In

general, the nonlinear analysis predicts higher
Problems other than the SIP/RS1 interface stresses in the SIP than a linear analysis

strength attend the design of the TPS. A unless the loading is primarily caused by sub-
tensile load applied normal to the plane of the structure deflection.
SIP and slowly increased deformsthe SIP a con-
siderable amount at very low loads. As trans- TPS DYNAMIC RESPONSE
verse fibers straighten and begin to carry load,
the stiffness of the SIP increases. As applied The SIP's nonlinear displacement under load
load increases, the SIP shows a decreasing rate causes an unusual response of the TPS to sinu-
of deformation for a given increment in load, soidal dynamic acceleration. The resulting dis-
i.e., the SIP material exhibits a nonlinear torted wave form has a sharp peak acceleration
stress-strain behavior. The proof load cycle of as shown in Fig. 13. This behavior causes
Fig. 12 demonstrates this nonlinear behavior, stress amplification of the maximum input

acceleration of up to a factor of 4 at resonance.
30SK The Orbiter, however, should experience only

1. Wrandom vibration input during a mission and the
LOD cYCL TPS is not expected to have an amplification of

SS.5 . PROOF this magnitude.
PROOF'0

STRESS. 5.0 -CIRST /-- BASE INPUT
p CYCE 

TEST RESPONSE
2.5 - NONL:NEAR ANALYSIS RESPONSE

.2 .4 .6

2.5 STRAIN. In.lin. SIP/TIL
INIERFACE

STRESS. 1 ...

IST AND 500
1I CYCLE

PROOF

TIMmWcFig. 12 - Stress-strain behavior of .160 SIP
Fig. 13 - Tile response to sinusoidal base shake

An added complexity is that during the
loading process, transverse fibers realign them- Nonlinear characteristics of TPS material
selves so that after a complete tension-compres- and its resultant variable damping create a com-
sion cycle, as wcild occur during a TPS proof plex dynamic response. For example, the natural
test, the material not only has a permanent set response frequency of the SIP is a function of
but also has a different and even more nonlinear the applied acceleration, and thus varies with
response to subsequent loads. This behavior is dynamic load. Also, inspection of the trans-
shown in the first cycle loadinq in Fig. 12 verse fibers (see Fig. 4) in the SIP shows that
which would be the expected response character they do not run completely normal to the plane
of the SIP during the first ascent mission, of the pad, so the in-plane and normal motions

of the SIP are coupled. A dynamic analysis
accounting for these complexities has been
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developed that contains both material and specimen travel and a continual expansion of the
viscous-damping effects evaluated empirically low-stiffness region. Eventually the SIP com-
from vibration tests. A comparison of analyti- pletely separates, but before this occurs a tile
cal vs. experimental response to a base drive could become loose enough so that a small
sinusoidal Input is shown in Fig. 13. exciting force during flight might cause it to

lift off the filler bar and move into the air-
An additional dynamic response has been stream. The motion of one tile with respect to

observed in controlled tests and predicted with a neighboring tile during entry could disrupt
the nonlinear dynamic analysis. At a driving airflow, trip the boundary layer prematurely,
frequency normal to the tile/SIP interface and and increase heating downstream. The amount of
different from the natural frequency of the TPS, relative tile motion required to trip the flow
a large lateral parametric response develops at depends on the local boundary layer thickness.
half the driving frequency. This dynamic The measure of acceptable relative motion
instability could become critical under sinu- increases toward the aft end of the Shuttle as
soidal dynamic inputs. It does not develop to the boundary layer thitkens. The relative
any degree under random input, however; and motion between tiles could also allow plasma
since random inputs only are expected during flow between tiles which could cause unaccept-
flight, this instability is not felt to be able heating of the filler bar.
important. sWss.

PSI
TPS FATIGUE 15 - 1501

Dynamic motion of the TPS poses another 10o

concern for structural integrity. Repetitive 5loadings due to lift-off and high-speed

boundary-layer aerodynamic noise plus oscil-
lating shocks repeatedly traversing the tiles -5
could cause fatigue damage. -10

TPS fatigue curves showing failure stress - . -.
as a function of number of load cycles are pre- .ISP.C0M.NT..n.
sented in Fig. 14. The greater static strength
achieved by densification of the bonding surface Fig. 15 - Decrease in SIP stiffness during
of the RSI does not fully translate into an fatigue loading
equivalent increase in fatigue strength. The
mode of fatigue failure differs between the un- The fatigue results of Fig. 14 show that
densified and densified TPS. Results plotted cyclic loading causes a relatively large reduc-
for the undensified TPS represent failure due tion in the stress levels that both the
to complete separation at the SIP/RSI interface. densified and undensified TPS can withstand for
Results plotted for the densified TPS, on the a small number of cycles. Since the fatigue
ether hand, represent failure defined as a failure of densified TPS takes the form of
total out-of-plane SIP deformation of 0.25 in. excessive elongation of the SIP, rather than

separation in the parent RSI, a further increase
24 0 DENSIFIED TILE .- ..r•-ALUMINuM in strength of the RSI ceramic by chemical
2( uNDENSIFIEDTILE reformulations or changes in manufacturing pro-

20- U- N RI -TILE cesses would not improve the TPS lifetime. In
"..-.-SLIN fatigue, SIP represents the weak link in the

16 " -ALUINW densified TPS.
STRSS Since undensified tiles have less life

PSI 2 -''k expectancy than the densified tiles, NASA plans12 lto 
remove and densify the remaining undensified

8 I=- _Q. tiles during the normal refurbishment periods
C - between developmental flights.

MISSION RANDOM DYNAMIC LOADS

0 The sinusoidal dynamic tests which indica-
1 N01OF S 1000 10D100000 ted the possibility of large acceleration

NUMBER OF CYCLES response due to base drive and the fatigue tests

Fig 14 - Fatigue of undensified and densified of undensified tile TPS which indicated a
TPS possible low cycle fatigue problem dictated an

additional series of tests. The tests, which
Stress-displacement curves of the densified simulated in the laboratory the expected major

TPS during a typical fatigue test for a con- dynamic random loads the TPS should experience
stant-amplitude, fully-reversed sinusoidal load during ascent, were performed to gain confidence
applied at 1 Hz are shown in Figure 15. As the that those undensified tiles which passed their
number of cycles increases, the SIP continues static proof test and thus were not replaced
to unravel with a continual increase in total would survive the first flight during ascent.
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During a typical shuttle flight, the tiles To combine the steady state tensile load
experience a variety of loads Including main with the dynamicand local substructure deforma-
engine and solid rocket motor ignition over- tion loads, a soft bungee cord was attached to a
pressures during liftoff, substructure motions thin metal plate bonded to the top of the tile
due to engine vibrations and aerodynamic at a po;;.. offset from the tile center of
loadings, direct acoustic pressure loads gravity. The static tension and moment levels
caused by boundary-layer noise, and differential were controlled with an automatic control system
pressures due to shock passage, aerodynamic activated by signals from another channel of the
gradients and gust loads, and tile buffeting due analog drive tape. A schematic of the complete
to vortex shedding from connecting structure. test setup is shown in Fig. 16. During a test,
Many of these loads are dynamic rather than the shape of the input spectrum is fixed (see
steady, raising the question of the fatigue Fig. 17 for an example of the drive spectrum)
strength of the undensified TPS when subjected but the power level and the static tension
to random dynamic loading at stress levels below levels are changed to simulate different ascent
the maximum stress level established as accept- conditions for the wing and mid-fuselage region.
able by the static proof test. The number of
specimens and the load ranges investigated were AEROGRADIENT PLUS BUFFET POWER SPECTRAL DENSITY
limited since the intent of the tests was not to 2.15G'/Hz
provide an exhaustive fatigue study of the TPS -D
but rather to obtain an evaluation of the DBIOCT
expected behavior of the TPS under dynamic I
loading expected during ascent. Hz 2OG R 2 Hz

The test fixture is shown in Fig. 16 and ' I
consists of a thin aluminum plate riveted to _ 1
five thlckwalled aluminum tubes. The fixture is 15 30 140 340 1000
designed so that after the tile is bonded to the F. Hz
plate, the plate can be deformed to a shape AEROSHOCKPLUS BUFFET POWER SPECTRAL DENSITY
typical of substructure deformations expected in ARSOKPU UFTPWRSETA EST
the Orbiter. By bolting the tubes to a rigid 6 1.4 G2/Hz
base plate with shims under alternate tubes, the B/ODBOCT
aluminum plate def'rms to approximately a sine POWER.
wave with the wave amplitude given by the shim Hz 21. 4 GRMS .24 G2/Hz
thickness.

OAD CELL TENSIONNOL 15 30 140 340 1000

SYSTEM F. Hz
CABLE FOR STATIC TENSION Fig. 17 - Random vibration spectra wing region

CA 0W ELASTICITYI SPECIFIED
SCw LA SPETRUM.CAEENSION Although the primary intent of the test

MOTORFOR STATIC .I1 series was to gain confidence in the reliability
ACCELERATION CONTROLLED TENSON/ of the TPS under simulated load conditions, theSPCTRAL Y/-._. TENSION TIME tests provided an opportunity for obtaining ran-

FREQUENCY - ECCENTMRICITY dom dynamic response information on the TPS
FI a under controlled conditions. Raw tile accelera-"I L910SUBSTRUCTURE DEFLECTION tion data provided the source data for sub-

FIXTURE sequent detailed analyses of tile response
characteristics including power spectral

t-SNIMF-V SR densities, cross spectral densities, coherences,
SPECIFIED DEFLECTION transfer functions, probability density

functions and cumulative distribution functions.
Fig. 16 - TPS mission cycle fatigue tests An example of tile output transfer functions

over the active drive frequency range is shown
Each specimen is given a proof test prior in Fig. 18.

to its acceptance for testing in accordance
with techniques approved for proof testing TPS At the conclusion of the ascent mission
on the orbiter. After proof testing, the dynamic simulation tests, each specimen was
fixture is bolted to the rigid plate with shims reproofed and its static response compared with
in place and instrumented with lightweight that measured during the initial proof test to
accelerometers and noncontacting displacement determine the extent of tile loosening which
probes. The entire system is mounted to a might have occurred due to possible degradation
30,000 lb shaker. The prescribed broadband of SIP stiffness. Each unit was then given a
random drive acceleration of the tile base static tensile test to failure to determine its
plate in the direction normal to the tile/SIP residual strength with the results summarized
interface was controlled for all specimens and in Table 3.
represented a given orbiter region.
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static tension can thus be predicted accurately
using nondestructive sonic testing of the RSI
before bonding.

L ,,.Densifled TPS is sufficiently strong in all
•im areas to withstand expected static loads during

i : ' •a mission. In areas where dynamic loads pre-
p ] dominate, however, the TPS may have limited life

-'l because of excessive SIP extension.

•- 'The fragile nature of the brittle ceramic
.. tile and its coating has renewed interest in

.,___._finding alternative reusable thermal-protection
"*4 'lWee 400 66 8 , 76 a0LOWI. systems. For example, NASA-Ames and Lockheed

L. JI i I. have developed a stronger but lighter ceramic
'' i insulation, called fiber-reinforced ceramicinsulation (FRCI).

too I so s *" It will take intense R&D to create andflight-qualify any new TPS with the long-term
Fig. 18 - Sample response spectrum measured at reliability required for reusable space trans-

tile center portation systems. For the next several years,

Table 3

SPECIMEN RESIDUAL STRENGTH AFTER RANDOM FATIGUE TEST

NOMINAL MAXIMUM DYNAMIC STATIC ULTIMATE STRENGTH
STRESS TEST LEVEL AFTER DYNAMIC TESTS

W-3 REGION (PROOF LEVEL 6.4 psi 13.6 psi
IS 8 PSI) 6.4 12.6

6.4 11.7
6.4 11.0
7.3 14.3
7.3 12.0
7.3 11.7
7.3 9.0

MF-5 REGION (PROOF 4.8 15.4
LEVEL IS 6 PSI) 4.8 14.0

4.8 13.3
4.8 12.1
5.5 15.4
5.5 15.0
5.5 13.6
5.5 11.8

All specimens survived an equivalent of 72 RSI represents the only reusable TPS ready for
ascent missions and exhibited residual static flight and even it requires additional effort to
strength greater than their original proof insure that it will give the full 100-mission
loads. These results indicate that the unden- lifetime. All these points notwithstanding, the
sified tiles had sufficient strength to with- ceramic RSI is one of the best lightweight
stand ascent loads during the first few flights, thermal insulators ever developed, and in

addition to its key role on the Shuttle Orbiter
CONCLUDING REMARKS should find wide use in future high technology

applications.
Recent experiments and stress analyses have

shown the original TPS to have marginal strength
in many areas of the Orbiter. Modifications of
the TPS, such as tile densification, have been
made to correct these strength deficiencies.
Densification of the tile surface brings the
system static strength up to the strength of
individual components. The failure level in
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SHUTTLE TILE ENVIRONMENTS AND LOADS

",r. Ralph J. Muraca
NAJA Langley Research Center

Hampton, Virginia

INTRODUCTION

This paper will discuss the
Shuttle tile ascent environments and
outline the procedures used to convert
these environments into tile loads.
Testing which was performed to quantify -L OSUFFET

or verify the loads will also be dis-
cussed, along with the load combination
rationale which was used. The discus- STEADYAtODYNkMICS
sion of the ascent environment will be
limited to the transonic/supersonic
portion of the mission since mechanical
design loads occur during this time, F -77
and to specific regions of the vehicle, SKIN FRICTION
in particular tbhse regions in which VENT LAG
undensified critical (black) tiles are
located.

The induced environments can be
broken down into three categories. The
first of these are aerodynamic environ-
ments. These, in turn, are broken down VIRACOUSTICS SUS11RAEDEFLECTION
into two categories-- (1) quasi-steady,
which includes spatial surface pressure
gradients, pressure differentials due Fig.l - Tile Loadinj Sources
to vent lag, and skin friction, and
(2) the unsteady aerodynamics (aero- flow characteristics and a number of
buffet). The second induced environ- parameters which characterize the tile
ment is defined as the vibration of the installations. the combination of OwL
skin-stringer aluminum panels (here- pressure gradients and internal flows
after riferred to as the substrate) due produce net forces and mcmaonts on
to the acoustic environment. The third individual tiles. The major efforts
environment is defined as a quasi- required to quantify these loads were
steady substrate deflection, which defining the OHL pressure distributions
results from in-plane and out-of-plane with sufficient resnlution, and devel-
substrate loads (figure 1) opmenL of a method for computing tile( )internal flows.

STEADY AERODYNAMIC LOADS QUANTIPVYING TILE OMqL PRESSURE

During ascent static pressure DISTRIBUTIONS
gradients occur on the Orbiter outer
mold line (OML) surface. Due to the Typical wind tunnel data from
porosity of the tiles, SIP, and filler which tile OaL pressure distributions
bar, these gradients set up complex were derived are shown on figure 2.
flows in the gaps between tiles and Pressure coefficient, Cp, distributions
through the tiles themselves. These at two spanwise locations are plotted
flows are directly related to the OMI. versus chord location. This data was
pressure distribitions but their obtained from a 3 percent scale model,
details are dependent on tile and SIP consequently, a typical tile would

represent an area approximately 0.04
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Fig. 2 - Left Hand Wing Lover Surface Pressure Coefficient Distribution

inches square. Since net laods are layer thickness at frequencies between
directly related to local pressure 10 and 40 herts. Consequently, the
gradients, the primaL.ry effort in defin- time averaged static pressure measure-
ing the environment was to determine ments would indicate the shock pressure
the maximum pressure gradient which a rise occurs over at least two boundary
tile could experience using the rela- layer thicknesses. Shocks have been
tively sparse model measurements which observed to move over a distance
were available. The approach followed greater than one boundary layer, how-
consisted of four distinct steps. Test ever, the highest tile loads result
data were reviewed to determine the from the steeper gradients. Conse-
existence of shocks. Data from quertly, it was assumed that all vehicle
acoustic models, statis pressure models, shocks during transonic/supersonic
as well as oil flow and Schlieren photo- flight are spreai over two boundary
graphs were used to identify the major layer thicknesses. In addition, the
shock systems on the Orbiter, and the work of Chapman, Kuehn and Iarson [2]
local Mach iumbtr u,.stream of the was used to define the shock pressure
sikocks. Knowitg thp local Pach number ratio at which beundary layer eparL-
and *hu !ree stream conditions, the tion could occur.
shock strengths were calculated. A
subjective analysis of static pressure The results of these analysis were
meusurements was made to verify tL.e uued to define the most severe pressure
ca.culated shock strengths. The maxi- distribution which individual tiles in
mum shock gradient was determined by the regions under consideration could
dividing the shock strength as teasured experience. To eliminate unnecessary
b) the predsure jump across the shock conservatism, the vehicle is sub-divided
by two b.undary layp¶ thIcknesses. The into aerodynamic sub-zones based upon
use of two tourdary layer thicknesses the various configuration induced
to eszab.,sh the maxcitum gradients was shocks. The sub-zones defined for the
based on detaJloC measurements of the Orbiter wing lower surface are shown in
static pressure rise through a shock figure 3A, and the major shock systems
wbitch were available in the literature on figure 3B.
(1;. Instantaneous pressure measure-
mcnts indicate the steep portion of the
pressure rise is spread over one
boundary layer thickness. Fowever, due
to shock/boundary layer interaction,
shock motion occurs over a distance
"which can be as little as one boundary
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CHARACTERIZATION OF ENVIRONIENT IDEALIZED SHOCK MODEL

For each sub-zone the induced .To determine tile loads an
steady aerodynamic environment is idealized shock shown on figure 4 is
described by the following parameters: used. +?ost tiles in the regions of

interest are oriented such that the
The pressure coefficient surface flow is along a diagonal. TheAFS change through the shock static pressure distribution is defined

by: The location of the foot of the

•CsP_ The pressure coefficient shock along a ciagonal, Xs; the pressure
SEP change to the point of at the foot of the shock, P2 ; the shock

boundary layer separation strength, az shocks and the gradients

upstream and downstream of the steepCp The pressure coefficient pressure rise through the shock Tl, h2 "
at the beginning of the The shock pressure gradient is deter-
shock pressure rise mined by assuming the shock is spread

over two boundary layer thicknesses.
r Tpressure coefficient Thus, given the local boundary layer

SEP agr enot e upsntr ant thickness, 6, the remainder of the OshLdownstream of the shock surface pressure distribution can be
pressure rise completely defined.

Table 1 shows typical data for the
elevon induced shock, which tiles in

sub-zone 4 e, ertence.
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TABLE I
Shock Characteristics in Aero Une 4

4. -a, CC-4 ap

.000=00 .00)M+00 .0000K+00 -123.10000 .00=4-.00 .00WM+.00 -000W1+00 -14.00000 .O0000'1
0.6000 .00)0K.00 .0000(+00 -12.,$00000 .0000M+00 .00001400 .00001.00 .14.00000 .0000(4U0
0.8000000 O.140000 0.4240000 -13.200000 -0.6600000 0.4270000 0.4270000 -11.10000 o.0s600000
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Fig. I4 - Idealized Shock Pressure Distribution

DESCRIPTION OF THE MULTI-TILE FLOW computed to determine pressurepi at the
ANALYSIS bottom of the gaps, Pressure at the

bottom of the gap drives the flow
The Multi-Tile Flow Analysis through the tiles and the SIP. When a

computes the pressure field on the steady-state solution is reached the
outer surface of a tile and at the tile/ net forces and moments on each tile are
SIP bondline, which result from a speci- computed and the tiles are allowed to
fied OWL static pressure distribution displace until equilibrium is reached
such as provided by the idealized shock between external forces and SIP stress.
model shown on figure 4. Both in-plane (SIP shear) and out-of-

plane (SIP tension) displacements are
The analysis considers a group of allowed. This procedure is repeated

nine tiles arranged as shown in figure accounting for the effect of tile dis-
5. Although the net loads for the sub- placement on flow characteristics until
ject tile (tile 9) are of interest, the convergence is achieved. Net loads are
flow through all nine tiles is computed. then computed by integration of the
Variables such as tile thicknass, tile- pressure field around the tile.
to-tile gaps, tile-to-filler bar gaps,
and tile, SIP and filler bar porosities
are considered in the analys_-. Given
the OUL pressure distribution, flow
through the tile-to-tile gaps is
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which could be experienced tn
flight, the data base was established
assuming tiles were installed with
minimum tile-to-tile Cape. Loads were

SUILTILEtheu predicted as a funct ion of Mach
Number, shock location, tile thickness,
and boundary layer thickness for each
aerodynamic sub-none. Typical data are
shown in table 3.

PInICM SIP P~RnISM VIBROACOUSTIC LOAflS

SITION A-A Vibroacoustic loads are delined as
the tile inertia load caused by tile
response to excitation of the substrate
to which the tiles are bonded. Sub-
strate excitation is due to the acoustic

Ft01 • environment during lift-off and ascent.
A The approach taken to quantify vibro-

acoustic loads was as follows. Subscale
vehicle configuration models were upsed
to define the acoustic environments.
Initial estimates of panel response were
obtained using data from the Apollo
Program in combination with the measured

SIP I Rua AR Shuttle environments. In some instances
the panel response predicted using the

MULTI-TILEOMOm Apollo data was suporcedod when acoustic
tests of full scale Shuttle structural

Fig. 5 - Hulti-Tile 3-D Flov Model panels were completed. Panel and tile
dynamic characteristics were measured
during these tests. The measured tile

ANALYSIS VERIFICATION response was then used to verify a tile
dynamic analysis model which was used

The analysis was verified by con- to predict tile response for the
parison with experimental data from remainder of the vehicle.
wind-tunnel tests under various condi-
tions and with different tile configu-
rations. In each instance the agreements
were excellent. Analysis and test 4,
both indicated that for undensified "

tiles the pressure in the tiles at the w
bondline was essentially the same as
the pressure distribution In the SIP.
Typical results are shown in figures 6
through R and table 2.

ESTABLISHMENT OF DATA BASE S

Since a shock can be located ---

anywhere with respect to a tile, the
flow analysis is made with the shock LiIII I
systematically moved along the tile
resulting in forces and moments pre-
dicted as a function of shock location. \
The shock location Is defined as the i \• i ze
point where the steep gradient begins. •,a
Shown in figure 9 are representative\
forces and moments from the flow \ _--

analysis. The net loads for a given -
external pressure distribution,
although a function of 21 system vari-
ables were found to be most sensitive
to tile thickness initial tile-to.-tile
gaps and SIP conductance. To insure
that predicted loads enveloped those Fig. 6 - Tile Pressure Transducer Configuration
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Fig. -xternal Pressure Distribution
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Fig. 8 - Comprtison of easured & Computed Bondline Pressures

TILE THICKNESS. IM INCHE
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... ,. ... , . '-10
SHOCK LOCATION, XsIL

Fig. 9 - Tile Bormal Force & Pitching Moment Variation With Shock Loeation
Wing Sub-Zone 4 -X - 0.95 STS-1 Conditions
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TABLE 2
Comparison of Measured With Compr•ted Pressures

Tile Bond Line Tile Gap

Sensor Measured Computed Sensor Measured Computed

T1 2.26 2.18 B1 2.19 2.06

T2 2.30 2.29 B2 2.21 2.06

T3 2.38 2.41 B3 2.42 2.27

T4 2.47 2.55 B4 2.59 2.22

T5 2.29 2.26 B5 2.11 2.15

T6 2.38 2.38 B6 2.23 2.22

T7 2.28 2.25 GI 2.20 2.02

T8 2.32 2.37 G2 2.47 2.38

G3 1.98 1.93

G4 2.07 1.96

G5 2.31 2.01

G6 2.48 2.38

TABLE 3

Steady Aerodynamic Loads for Sub-Zone 4, Me .9E

Min. Tile Ihickness, t-.927 in. Max. Tile Thickness, t-1.325 in.

6-6.3 6-4.0 6-6.3 6-4.0

XS/L FZ,LBF IY,IN-LBF FZ,LBF MY,IN-LBF FZ,LBF MY,IN-LBF FZ.LBF MY.IN-LBF
0.0 18.066 17.908 11.898 17.731 17.341 14.457 11.31 14.70

0.25 27.955 17.178 27.528 25.981 25.309 13.709 34.36 12.34

0.50 31.870 8.908 3U.861 15.576 29.506 6.653 34.36 12.34

0.75 27.597 1.268 38.597 2.346 25.541 .5431 31.61 .939

1.00 21.158 0.3631 28.331 -1.201 20.092 -. 1411 19.71 -1.728

z
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ACOUSTIC ENVIRONMENTS
'rhe ascent acoustic environments

were obtained from three separat.e wind
tunnel test programs. The final and
most detailed model was a 3.5 pera.•nt
scale model designated 1S8d. Data wus
obtained for 0.6<16<3.5 and angles of
attack and sidesTip-between +5 degrees.
These limits are derived from 3a design
limit trajectory analyses. As with the
static pressure measurements the
fluctuating pressure measurements were
sparse and defining the environment for
a panel required considerable judgment.
Figure 10 shows the instrument location
on the bottom surface of the Orbiter.
To establish criteria for determining Fig. 10 - Klite Instrtumentation Orbiter
panel response the following procedure Bottom View
was used. znvelopes of 1/3 octave band
sound pressure levels were made for PANEL RESPONSE
each measurement location for all flight
conditions. Typical data for the out- To determine panel response
board wing area are shown in figure 11. characteristics the following approach
The vehicle was then divided into zones was used. Initially Apolio panel
Lnd a composite 1/3 octave band spectrum response data was used to estimate
for each zone was made by enveloping the Shuttle panel response. These data were
maximum 1/3 octave band levels scaled to account for differences in
previously obtained for all measurement acoustic environments, structural
locations witnin the zone. The com- characteristicw, and panel mass. Using
posite zonal spectra thus obtained this approach panel response for the
represent the maximum fluctuatiug pros- entire vehicle was predicted.
sure levels expected at any locations
within the zone. Table 4 shows typical
data for the bottom outboard region of
the Orbiter wing.

110

20 160 31 30 120 OI•
Ol[-ThIRD OCTAVE SAND CENTER FREQUENCIES - HERI"Z

Fig. 1l - Sound Pressure Levels, Orbiter L~over
Inboard Wing Surface Xo = 1370, Yo =-150
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TABLE 4-

Orbiter Wing Bottom SPiL Envelope - db (Reference 2 x 10- N/I 2 )

OUTBOARD 250 c Y 0  TIP

1/3 OCTAVE shock aeronoise

FREQUENCY 1120 < Xo i 1350 13L. < Xo 1390 1120 < 1390

1.6 136 136.5
2.0 138 140
2.5 139.5 143
3.2 141 146
4.0 142.5 148.5
5.u 144 150.5

6.3 14o 152
8.0 145.5 153.5

10.0 146 154.5
12.5 146 154 -

16 146 153.5 150
20 14o 152 15b
25 144 151 160
31.b 143 149.5 160
40 141 147.5 153
00 139.5 145.5 153
63 137.5 143.5 153
80 135.5 141 149
IO 133 138 148.5
125 130 135 148
160 127 131.0 147.5
2'ju 124 128 147
850 - - 146.0

316 146
400 145
500 144,5
630 144
800 143

1000 142.5
1250 142
±600 141
20OU 140.5
2500 14u
3160 139
40U0 138
5000 137
6300 136.5
6000 135.5

OA 15b 163 16b

Figure 12 shows overall SPL's and acoustic loads are due to panel response

the corresponding panel response for exciting the tiles. Due to the high
each zone of the vehicle. Subsequently damping in the tile/SIP systeta the tile
full scale panels representative of response occurs over a fairly wide
specific regions of the vehicle were frequency range. It was felt Lhat
subjected to the previously determined enveloping all narrow band peaks was not
acoustic environments and the panel necessary as long as acceleration
response was measured. These measured levels and bandwidth were such that the
data were then used to adjust the ini- rms acceleration values were matched.
tial estimates obtained by scaling the
Apollo data. Typical results in the In defining a vibration environ-
form of PSD's for the bottom wing out- ment, differentiation was made between
board area are shown in figure 13. As unloaded skin/stringer response and
can be noted from the figure, the skin-stringer response when attached to
adjusted vibration levels do not enve- major elements of support structure.
lope all of the measured narrow band
peaks. This is justified for the
foilowing reason. By definition vibro-
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PMEL VIBRATION LEVELS, g2ftz ACOUSTIC OSPL, db

Fig. 12 - Orbiter Acoustic & Vibration Levels - Ascent

1110
Numerous tests indicated that the

SIP caused coupling between out-of-
plane and in-plane response to a base
excitation. Measurements from a test

,.-AUSUDM Upanel of the forward fuselage region
N, 1indicated the ratio of out-of-plane to

/ Min-plane acceleration response could be
as high as 0.3. Consequently an in-
plane inertia load of O.A of the out-
of-plane inertia load was applied to
each tile. Test results also indicated

liiithat the in-plane and out-of-plane
11 1 0 responses were in phase. Figure 14

shows typical test results. These data

also verified the use of a factor of
three on rms values to obtain tile
response with a probability of
exceedance of 0.0013.

FRIIEQDY-t EFFECT OP SHOCK LOCATION

Fig. 13 - Test DA35, Wing Structural Response Figure 15 schematically shows the
(Skin/Frame Junction) dasign load case for tiles, i.e., a

shock located essentially over the tile.
TILE INERTIA LOADS It was postulated that the location of

the shock with respect to the ribs,
The tile inertia loads were spars, and frames would effect the

determined by assuming the tile/SIP panel response. For a shock located at
systems could be represented by a the front of a panel, the total panel
single-degree-of-freedom spring mass area would be subjected to the shock
danper system. The transfer function generated fluctuating pressures. If a
for such a system was used to compute shock were located at the mid-point of
tile response spectra for a given panel a panel, the area of the panel subjected
input spectra. SIP dynamic modulus and to intense fluctuating pressures would
damping ratio were obtained from test. be reduced, consequently, the panel
The results from this analysis were response could be expected to be lower.
used to map the entire vehicle . A Since the tests upon which tile inertia
data base of tile response in terms of loads were based subjected the full
peak (3a) acceleration in g's was gene- panel to acoustic loads, it was deemed
rated as a function of tile thickness, proper to attenuate the tile response
tile location with respect to spars, as a function of shock location on the
ribs, and frames, and flight Mach subbtrate panels. The tile inertia
Number. Typical data is shown in table loads were assumed to decrease linearly
5.
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TABLE 5
Peak (3o) Tile Response to Panel Vibration

6" x 6" Tiles on Unsupported Skin Panel

Tile Thickness, Inches

Mach
Number 1.0 1.25 1.5 1.75 2.0 2.25

0 61 57 55 53 50 49

.9 59.5 59 58 57 56 55

17

1.25 75 74 73 72 71 69

1.4 75 75 73 72 71 69

ATJO?

FFAO LATERAL AND0 NORMAL AJ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

AL -'ORSE TIME IIISIORIES AJO_ TO

SPAR &-,"SPAR

.3011MA A,.,I'i-l

-Fig. 15 - Tile Design Case

A. M P;8 the shock location was moved across
• • ___ _ _- .V the panel. The relationship used was-10 -- _ _ - _ _ _

g (effective) = g3a (l -0.5 Xa/lp).

TIME BUFFET LOADS

Buffet loads consist of net forces
and moments resulting from differences
in fluctuating pressures at the tile

SUJMMARY OF iAW DATA surface and at the tile/SIP bondline.
PAI•RM 0 LA0 L RAAMS The fluctuating pressures result from

PRTIRMS" ORMS separated boundary layers which occur
around protuberances and in the vicinityThANSOIUCER RATIO ATJORIATD .18

AIJIOATJD .22 of shocks. The basic environment was
AJTOI (N! 2..? ATJIAATJII .24 defined from wind tunnel model tests inATJ "Ott ,. - ATJI•ATI12 . 11
AIJ04 N) I. which the fluctuating pressures were
ATJT7 (L• 17, measured and from larger full-scale
ATJ9I ill .81 

l g
A1iJoTL: L.? tests which simulated local flow condi-ATJISIU 2.65 tions around flaps and other major

'LEVEL CFTDtO.I 3OrTHETIME. rrotuberances which produce shocks.
The procedure by which these fluctu-
ating pressure environments were
converted to tile loads was based on
data from a series of tests in which
individual tiles were instrumented to

Fie. 14 - Tile Response To
Substrate Vibration
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directly measure tile loads due to a TABLE 6
known environment. Basically the RMS Fluctuating Pressure
parameters which were generated were Coefficient Aero Zone 4
WAS values and peak t, RMS ratios of
normal force and pitching and rolling
moment. The magnitudes of these loads MACH NO.
were determined as a function of the aMS
shock location on the tile. The results
from this empirical model were corre-
lated with a second set of measurements Shock Separation
which were obtained from wind tunnel .6 0 0
tests performed in the JARC 8-Foot
Transonic Pressure Tunnel. These tests .8 .072 .067
subjected flight configured panels to .9 .100 .055
the STS-1 combined loads environment,
and are discussed in detail in the .5 .11 .054
paper by Schuetz, Pinson and Thornton
[3]. 1.05 .003 .052

1.1 .073 .052
Buffet environments and loads are

discussed in detail in the paper by 1.15 .062 .052

C. Coe [4] and will not be discussed at 1.25 .070 .040
length in this paper. Measured values
of rms buffet normal force and pitching 1.4 .062 .047
moment coefficients are shown on figure 1.55 .043 .048
16 as a function of shock location.
Typical vehicle environments for aero 1.8 .048 .057
sub-zone 4 are shown in table 6. 2.5 0 .053

3.5 0 0

OS52 AEROBUFFET TEST DATA

CLrms AND CMrms V& SHOCK LOCATION ON TILE

r Mms
63USED IN -

1 O0 LOADS MODEL

0.0 0.5 10 1 t15 Lo

XIL XIL

Fig. 16 - Aerobuffet Normal Force & Pitching Moment Coefficient
Variation With Shock Location

SUBSTRATE DEFORMATION finite element models of the vehicle
structure were generated. Assuming

Deformation of the substrate to initial imperfections, loads were
which the tiles are bonded produces a applied representative of a wide range
stress at the tile/SIP bondline. of dispersed trajectories. For each
Substrate deformations result from load set, the maximum substrate defor-
initial structural imperfections which mation and its characteristic wave-
become amplified as in-plane and out-of- length were computed. The vehicle was
plane pressures differentials are then subdivided into a number of zones
applied to the structure during ascent. and the maximum substrate deformation

for all load conditions for any location
Substrate deformations were within the zones was determined. This

quantified through analysis. Detailed value of substrate deformation and its
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associated wavelength were then assumed appropriate parameter. In general, all
to be applicable for all tiles within steady or quasi-steady loads components
that zone, and were considered as the were added directly. Unsteady or
steady state components of substrate dynamic loads were combined statis-
deformation. Typical values for the tically and then added directly to the
wing lower surface are shown in figure steady loads. The relationships used
17. A dynamic component of substrate to combine loads are:
deformation resulted from vibration of
the substrate. Magnitudes and wave- For Normal Force:
lengths for these dynamic components of
deformation were also derived from the -a F + F 1 ± ' F )2 + (K a Fva)2
same analysis which defined the sub- z sa v- b v
strate vibration levels discussed under
the section on vibroacoustic loads. For Pitching Moment About the Y Axis
The wavelengths for dynamic components
of substrate deformation were deter-
mined on the basis of the spaciig of M s m '(Ku Nb) 2 + (0.3 vsK Fa)
major frames, ribs and spars. They
tended to be much longer than those are
associated with the static deformation, In these expressions Fsa and Fva
consequently they made relatively small contributions due to steady aerodynamics
contributions to the tile bondline and vent lag respectively. Fb and F
stresses. are dynamic contributions due to aerp

buffet and vibroacoustic. The factors
xwW Kb and K are used in conjuhction with

YI "-rms values of dynamic force and moment
to yield total forces and moments with
a probability of exceedance of 0.0013.
For vibroacoustic terms the factor used
was 3.0, for buffet the factor was 4.0.

- These were derived from test. M and
Msf are contributions due to steaay

_- aerodynamics and skin friction. Z is
the distance from the center of gravity

-- -of a tile to the bondline. A number of
.015 .05 .015 .015 -- issues were identified with regard to

treatment of the dynamic load terms.
.- 1 . - -181.016 .0151 One involved whether the normal force

and pitching moment due to buffet were
- in phase. An analysis of the previously

cited wind tunnel test data indicated
that buffet forces and moments were
highly correlated and that it would be
proper to assume they act simultaneously

FWD on the tiles. These results are shown
on figure 18.

A second issue involved the manner\ I Din which vibroacoustic and buffet loads
were combined. Since the environment
which produces both loads is the same,
it was obvious that these loads should
be applied to the tiles at the same
time. However, an analysis of the

Fig. 17 - Substrate Deformation Map for Wing spectra for buffet energy indicated
Lower Surface Envelope of Ascent Conditions that it was concentrated at relatively

low frequen3ies (up to 100 Hz) whereas.
tile response to substrate vibration

LOADS COMBINATION extended from about 60 Hz up to about
300 Hz. Consequently it was felt that

Since the tile/SIP system is highly a direct combination of buffet and
nonlinear, it was necessary to develop vibroacoustic loads would be overly
an approach for combining the various conservative, thus the decision to
static and dynamic loads. This required toot-sum-quare dynamic loads.
that where enough definition was avail-
able, loads had to be referenced to a
common parameter. Vehicle free stream
Mach Number was selected as the most
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PHASE ANALYSIS OF AEROBUFFE PEAK NORMAL FORCE
AND PITCHING MOMENT

NORMAL FORCE

H: CORRELATION OF PEAKS

-.. X-AX I S

• Y-AXI S

PITCHING MOMENT
Fig. 18 - Phase Analysis of Aerobuffet Peak Normal Force

And Pitching Moment

TOTAL SUBSTRATE DEFORMATION was arbitrarily adjusted until the
stresses were maximized. A typical

A total substrate deformation was set of design loads for three regions
determined by direct addition of the of the vehicle are shown on table 7.
static and dynamic components. The
relationship used for total deflection
is: SUMMARY

A (A cos ¶ I cos ¶ I + The STS-1 ascent environments were
t1oop defined. Induced loads due to these

environments were determined and models
va (A to¶ V ¶ )va used to quantify these loads were

1 2 validated. Issues related to the manner
where both components of deformation in which these loads combine during the
were defined as double cosine curves in ascent portion of the mission were re-
directions along each diagonal of the solved by test. A data base was
tile. In this expression A, t and t2 created which allowed the loads for

over 3000 undensified critical tiles to
are the amplitude of the deflection and be determined. These loads were
its wavelength in the x and y directions ultimately used to calculate maximum
for either steady state out-of-plane tile stresses during ascent and safety
(oop) deflection or the vibroacoustic margins for the STS-1 mission.
deflection.

DETERMINATION OF DESIGN LOADS

The design load set was defined as
the combination of force, moment, and
substrate deflection which produced the
maximum stress at the tile/SIP bondline.
To determine this load set the location
of the shock relative to the substrate
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TABLE 7
Typical Design Loads for Tiles Located On the

Orbiter Wing and Fuselage

Tile Part Steady Aero Vibroacoustic BuffetNumber Force Moment Force Moment "Force Moment

W3-191010147 16.0 7.6 8.3 1.8 11.2 15.7

MF6-394020277 20.4 11.6 10.8 3.2 10.2 14.3

MF6-394036082 15.8 6.7 16.4 4.0 1.1 14.2
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DYNAMIC AND STATIC MODELING OF THE SHUTTLE

ORBITER'S THERMAL PROTECTION SYSTEM

J. M. Housner, G. L. Giles, and M. Vallas
NASA Langley Research Center

Hampton, Virginia

This paper describes the dynamic and static analysis
methods ised to model the nonlinear structural
behavior of the Shuthle Orbiter's tile/pad thermal
protection system. The structural evaluation of the
tile/pad system is complicated by the nonlinear
stiffening, hysteresis and viscosity exhibited by
the pad material. Application of the analysis to
square tiles subject to sinusoidal and random exci-
tation is presented along with appropriate test
data and correlation is considered good. In order
to treat the stress analysis of thousands of indi-
vidual tiles a nonlinear static analysis was
developed which utilizes equivalent static loads
derived from the dynamic environment. Using a
developed automated data management/analysis system
the critical tensile stress at the bondline is
examined in thousands of unique tiles in a timely,
reliable and efficient manner.

NOMENCLATURE r •K-' r"K effective stiffness coef-
ficients in nonlinear

Stile/pad contact area viscous damping law,
see Eq. (6)

cxC~y tvertical-lateral coupling ste mass
terms in pad material appied moes
property law, see Eq. (7) appled momesnts about x
CxPyJ1 dapin coffiiensand y axes, respectively

CxCyCz damping coefficients, IN] system mass matrix, see
see Eqs. (6) Eq. (8)

Ed energy dissipated by the p applied tile centroidal
pad per cycle of steady- normal force in s direc-
state motion tion

Ek peak kinetic energy of tin
tile during steady-state dnapn see Eq. (6)

EE E motn mqi vector of tile displace-E~xEzyEzz components of Green strain {eiqo}oets e
qlx'syzz tno ment components, seetensor Eq. (8)
(P) applied tile force vector, {vector of internal pad

see Eq. (8) stress resultants, see
Fx Fy applied tile centroidal Eq. (8)forces in x and y tile radii of gyration

directions, respectively rx'ry rz about x, y, and 2
G xxi G yy transverse shear stiffnes- axes, respectively

ses of pad, in x and S 'S Is
y directions, respec- xx xy yy Kirchhoff stress components
tively, see Eq. (7) Szx' S zy 'Sz

hp ht pad and tile thicknesses, s
respectively zxSmyzz e -Kirchhoff stress com-

ponents
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t time aluminum skin of the Shuttle Orbiter.
T applied tile torque about During a mission, tile/pad combinations

a axis experience dynamic loads arising from
uv'w displacement components in acoustics, structural vibrations, and

x, y, and a direc- aerodynamic pressure gradients [2].
tions, respectively Thus, the pad experiences motion of vary-

uVoWO values of u, v, and w ing magnitudes and frequencies. Experi-
at tile centroid, ments [3] have shown that as the pad is
respectively cyclically loaded and unloaded, hyster-

us,v 8,wa components of substrate esis loops occur in the stress-strain
displacements in x, behavior of the material. Furthermore,
y, and a directions, these loops creep as a function of stress
respectively level and number of cycles. The creep

v undeformed pad volume of the loops eventually becomes verytile rotation about small with each additional cycle, but itsStile and at directions, affect is to produce a highly nonlinear
yspectively hardening pad material which is quite

sp+ ht/2 + h soft at low stress levels and consider-
S/ hably stiffer at higher stress levels.

oxy average linear pad rota- In addition, the hardened material
tions, see Eq. (8) exhibits both coulomb and nonlinear

C linear transverse strain viscous damping.
component, see Eq. (8)

YxY linear shear strain com- The integrity of the systom has been
y ponents, see Eq. (8) shown to be dependent upon the tensile

Sloss factor defined in stress near the interface between the
Eq. (10) pad and the tile [1l and when nonliaear

O rotation about z axis effects are included in the analysis,
aa uniform applied normal predicted values of this stress may be

stress significantly higher than those predicted
a 0zOxazy Euler stress components by a linear analysis [4-6].
Ta applied uniform shear The purpose of this paper is to pre-

low-amplitude steady-state sent a synopsis of the dynamic and
transverse and lateral static analyses used for the thermal
resonant frequencies protection system when nonlinear effects
about fixed normal and are accounted for. Since the system isshear prestress states, subjected to time varying loads, arespectively dynamic analysis is most appropriate andSfrequency of sinusoidal such an analysis is reviewed in thesuency motion paper. However, in order to treatsubstrate motion thousands of individual tiles, a static
r fanalysis [7-9] which uses equivalent
coefficient of nonlinear static loads derived from the dynamic
viscous damper, see environment, as described in Ref. [2],
Eq. (6) is more feasible. Thus a dynamic analy-

sis is established and used to acquire
Subscripts and Superscripts a general understanding of the system

while th.ý static analysis is used for
D strain-rate dependent acquiring specific information on

stresses individual tiles. The assumptions of the
I strain-rate independent dynamic analysis are first outlined and

stresses the governing equations are established
0 tile centroid from energy principles for large deforma-
p pad tions and nonlinear pad behavior while
s substrate allowing for hysteretic and nonlinear
(.) a( )/at viscous damping in the pad. Only the

essentials of the analytical development
are given, while details are left to

INTRODUCTION Refs. [4] through [6]. Confidence in the
dynamic analysis is gained by comparison

The Space Shuttle Orbiter thermal with sinusoidal and random excitation
protection system consists of over tests and results are presented which
32,000 ceramic tiles bonded to thin nylon provide insight into the general dynamic
felt pads, known as strain isolator pads, behavior of the system.
which are composed of thousends of
intertwined nylon filaments [1]. The The static analysis is central. to
pads, in turn, are bonded to the an automated analysis and data man..gement
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system wnich permits efficient and seen to vary with the magnitude of
reliable handling of geometry, loads and uniform pressure due to the material
material property data. These data are nonlintarity of the pad. Sven for
unique for each of thousands of tiles. 1.21 cm (half inch) thick tiles, the
Thus, scope, capabilities, procedure, error due to a rigid tile assumption is
and typical results of the automated less than 4 percent, well within engi-
static analysis/data management system nearing tolerance. Similar findings
are described. The impact of these for other loading states lead to the
analyses on the Shuttle project is then same conclusion [103.

ummarised.
Pad Material Properties

DYNAMIC ANALYSIS Conditioniju.- Material property
tests 3, 111 were conducted in which

Dynamic Model Configuration the pad was slowly loaded in tension,
compression, or shear on its surface

As shown in Fig. 1, the ceramic normal to the a-axis. These tests
tiles of the Space Shuttle Orbiter revealed, as displayed in Figs. 3(a) and
thermal protection system are bonded to 3(b) that under cyclic loading of a
the aluminum skin of the Orbiter (sub- prescribed amplitude the pad exhibits
strate) through a thin nylon strain hysteretic behavior. Under Plow cyclic
isolation pad. The pad in bonded to the loading the hysteresis loops caeep as
tile over most of the tile's lower sur- a function of load amplitude and number
face. However, around the perimeter of of cycles. An is the case with many
the tile there exists a separate strip materials, the primary creep r.. !e in
of the pad material denoted as the which the creep is rapid, is followed
filler bar. To enhance venting of by a secondary range in which the creep
entrapped air in the porous material of is much slower. Hence, the creep of
the system, the filler bar is bonded the loop eventually becomes very small
only to the substrate and not the tile. with additional load cycles of the same
Further details as to the system con- or lower amplitude. This process which
struction may be found in Ref. [1]. produces a quasi-stabilited material is

referred to as "conditioning." The
Loads hysteresis loop formed by the condition-

ing load cycles is referred to as the
The dynamic analysis treats three Ra3p "envelope." Provided each point

or four sided tiles subject to dynamic in the pad has not experienced a load
forces and moments which are assumed to amplitude higher than the one conditioned
be known as time histories. The histo- at, it appears that the creep of the
ries may be provided directly from tests hysteresis loops can be safely neglected
or if power spectral densities are during a short time analysis. Hence,
known, time histories may be derived it is assumed that the pad material has
from random number generators. In been conditioned at a load amplitude
addition to the applied tile forces and which is not exceeded during the period
moments, the system is also subject to of time to be analysed. Analytical
static substrate deflections or sub- responses of the system have indicated
strate oscillations wherein the sub- that the system is not very sensitive
strate may oscillate flexurally or as a to small additional creeping. As a
rigid body. The substrate motions are consequence of this assumption, the
also assumed to be known or derivable analysis may be carried out over a small
as time histories. period of time (e.g., a few hundred

cycles) and then restarted using material
Tile Behavior property data corresponding to additional

cycles at the calculated stress ampli-
It is assumed that the tile behaves tudes which meet- or exceed the condition-

as a rigid body. This is confirmed by ing amplitude.
comparing the results of two static
analyses, one in which the tile is A typical envelope resulting from
modaled with flexible finite elements slow cyclic loading is shown in Fig. 4(a).
and one in which the tile is assumed Also shown are typical loading and un-
rigid [10]. Both rigid and flexible loading paths from difl.erent stress-
models of different thic;.ness tile rest strain states within oad on the enve-
on the nonlinear pad and are subjected lopes. Similar curves can be established
to different combinations of forces and for shear cycles [11]. These loading/
moments. For the case of uniform pros- unloading curves are valid at each point
sure, Fig. 2 displays the flexible-to- in the pad. However, since the loading/
rigid interface stress ratio which is unloading history at each point in the
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pad may be different, the path being 2B - (vo + hte./2 + xG - vs)/hp
traced at any time may differ throughout
the pad. - (l/2)0(u0 - hta7 /2 - ye -us)AP

Based on the observations of pad
behavior, it is further assumed that + (1/2)(1wl/ay + aX)
under slow rate and irrespective of
loading or unloading path, the pad + No + y1 Key -e)/h
strain-rate independent state cannot lie
outside of the envelope and that within
the envelope loading/unloading paths may (1)
be curve fitted by appropriate scaling
and translation of portions of the and
envelope. However, as discussed later,
the presence of high .loading rate
effects allows the total stress-strain axx a - 0
state to lie outside the envelope.

Based on measured data, empirical where the displacement components of any
rules are established which allow the point in the pad are assumed to be
load paths traced by the stress-strain related to the rigia body tile and sub-
history of each point in the pad to be strate motion by
followed. For computer solution,
appropriate routines are established
which perform the necessary logic deci- up - Nuo - hta/2 - yo - us)a'/hp + us
sions and bookkeeping for tracing these
paths. Details are provided in Ref. (5].

Stress and Strain Formulation.- In p 0 t2 + x8 - ve)aI/hp + va

order to account for the large strains
associated with the pad, it is conve- W - ( a W /h P + wp
nient to introduce the Kirchhoff stress 0p Y'h
components Si4 and Green strain com- (2)
Ponents Eii [1,21. The Green strain
components In the pad are calculated The Kirchhoff pad stresses, 31' are
from the rigid body motions of the tile related to the actual (or Ruler pad
as stress, aij by

S, (wO + yo2X - Xo w - ws)/hp [a] - 1 (jTJS][JJT (3)

+ (1/2)(u - ht.t/2 - ye - us) 2 h 2 where

2 2

+ (1/2)No( + htat /2 + xe - va)ýh•
+ (1/2)(w + yx xay -x w2 /h 2 1)h

y Y p [j]J

2 (u-h 2 -ye-u)/h ~aw Aw +aw

2E iu 0 - ty sap IX MYw

"+ (1/2) 0 No0 + htocy'2 + xO -vs/h

"+ (1/2) (aw /ax - 01 [ For exampie, in the came of an applied
Yz uniform pressure, va, one has

"0Sa - o;a,/(l + wo/hp) (4)

with all other Kirchhoff stress com-
ponents vanishing, and for an applied
uniform shear, T., parallel to the
x axis
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at the strain-rate reversals that occur
8 " IS) during cyclic notion. Hance, it is
ax a reasonable to define Kx, Ky, and Ks

an effective dynamic stiffnesses which
and all other Kirchhoff stress components are stress dependents that is,
vanishing.

W--ry 4akiaion.- The hysteresis x 21~ 1 2I
loops assoolatea wIthpad cyclic loading
involve energy dissipation which may be 2 r1(zr
due to static coulomb frictional damping Ky n~ L-syJ
which is strain-rate independent. This
is physically reasonable since pad file- Ks mw 2 -IM
ments are sliding over one another n ssj
during loading or unloading. However,
it is known that for a driven linear where wn and ws are low amplitude
spring/mass/damper system, the energy resonant frequencies about mean stress
dissipation due to coulomb damping is levels, IRS, Igx, 1% of the
not sufficient to produce bounded fluctuating components 'f pad stress.
oscillations at resonant frequen- The frequencies FA, and wl may be
cies [13]. Inasmuch as physical oscil- determined on the basis of low amplitude
lations are always bounded, it would sinusoidal normal and shear tests,
appear reasonable to postulate an addi- respectively, about prestress conditions
tional energy dissipation mechanism in the pad. Yurthermore, it is con-
which is strain-rate dependent. Thus, venient to select the reference fre-
it ic assumed that the pad stress com- quency, Or, equal to the vertical low
ponents are the algebraic sum of strain- amplitude resonant frequency about a
rate independent and strain-rate depen- zero mean stress level in an actual
dent components as schematically tile/pad system*
depicted in Figs. 4(a) and 4(b) for
the normal pad stress, a. The relative ar = Wn[0]
amount of energy dissipated by each
mechanism is addressed in a subsequent Vertical-Lateral Coupling.- Pad
section. The strain-rate dependent property tests have revealed a coupling
component is modeled using a nonlinear between vertical and lateral motions of
viscous damper where the strain-rate the tile on the pad [11]. The coupling
dependent stress components are given occurs as a consequence of two mechanisms
by as depicted schematically in Fig. 5.

One of these mechanisms in geometric

(D) qs-1 while the other is due to the anisotropic
S(D C "h / nature of the pad's manufacture. The

x- uxh wsx'•sr /Ap geometric coupling is due to the pad

(D) .Chp- i qs-/ filaments shearing laterally and giving
3y - C 2wx /a rise to * negative vertical tile motion.

Sy'rl Since the pad is quite soft in shear.

jqn-hp-1 its lateral motion and consequent
SD) 3 Cshp5s_ 212Ens/irI vertical motion is not negligible. TheSjt geometric coupling is described by

(6) employing the large deformation defini-
tion of strain in Eqs. (1).

where Or is a fixed reference frequen- The anisotropic nature of the pad
cy; qn and qs are damping parameter
exponents determined from tests and may be expressed as
Cx, C,, and Cs are assumed to be pro-
portio al to an effective dynamic stiff-
ness such that

Cr.- 2K yC/Cr

C2 = 2KsZ n /A r *The tile/pad system considered
herein consists of a 152.4 x 152.4 x

in which ;n and cs are dimensionless 95.25 mm L1900 tile on a 127 x 127 x
damping parameters determined from 4.06 mm pad, (6 x 6 x 3.75 in. tile on
tests. Due to the coulomb frictional a 5 x 5 x 0.160 in. pad). An L1900
forces present in the pad, the pad tile has a mass density of 144.2 kg/m3

stiffness properties are discontinuous (9 lbs/ft 3 ).
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Ez /E czx/GXX czy/Gyy. Szz ["S z + Y Sz" (1/2) 8SzJ dAp

z 4 .f y/hp I+ Szz +Q2Szx + B

2E+ (l/2)S¥ (1 + c) / dAp
Sp~

where it is understood that E, Gxx,
and Gyy depend on Szz, Sz* and + (1/2)(h/hp)03
Sy, respectively. The relative magni-
tude of the off-cliagonal terms may be
ascertained by considering a pure shear

case in which Q/ FO + +a S +80p

SM Szy = 0 - (1/2)Szx (1 + C)} dA

and - (1/2)(hT/hp)Q2

Szx = a
Q6 a fA•sZ(x y " YYx)/hp

For different values of Ta, experi-

mentally determined values of the tile 2/h
rigid body motions are then substituted + (1/2)S (y + xp/h -

into Eq. (1) and the resulting strain.
are substituted into Eqs. (7) to deter-
mine the coupling term, czx/G. This + (/2)Szy(2x/h + p- Yxj
effectively removes the effect xf the
geometric coupling. The results are
plotted in Fig. 6 which reveals that and, Ox and By are average rotational
for Ta less than 5 psi, the anistropic components,
coupling term is less than 4 percent of
the diagonal term. Thus, the anisotropic
coupling mechanism may be safely neglected ex - (1/2)(aw3 /ay + ax)
and the geometric coupling mechanism con-
stitutes the great majority of the verti-
cal-laceral coupling. This simplifica- By (1/2)(3ws/ax-a
tion is fortunate since the tracing of " - y
the loading/unloading paths in the pre-
sence of anisotropy would have added con- [M] is the diagonal mass matrix.
siderable complications to the analysis.

Equations of Motion

The equations of motion which are 0
derived from the principle of virtual
wcrk in Ref. [5] may be expressed as,

{Q} + [M]{§} - {F) (8) 1

[M] - m

there {Q} is the internal resultant r 2/hp2
force vector %hose components are r

Q f[S 5(1 + e) + S. +Szy0x] d~p 0ry 2 /hp 2  2
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{q} is the vector of displacement provides the Kirchhoff strain-rate
components, indepeadent stress components. The

strain-rate when substituted into
Eqs. (7) yields the Kirchhoff strain-

*wo rate dependent stress and the sum of
independent and dependent components

u° yields the total Kirchhoff stress.
Integration of the total stresses in

Vo Eq. (8) yields the total stress
{q} = resultants in the pad, {Q). The

oixhp integrationh of Eq. (8) are performed
numerically using standard quadrature

ay h subroutines. The velocity and dis-
placement vectors are updated for the

8eh_ i + lth time step using Eqs. (9).

DISCUSSION OF RESULTS
and {F} is the applied tile force in this paper application of the
vector, analysis presented herein is limited to

a typical L1900 thick tile on the Space
Shuttle subject to sinusoidal or random
substrate motion. Experimental results
are taken from Refs. [14] and [15]. As

Fx determined in Ref. [4], nonlinear viscous

damping coefficients of qn - 2 and
{F} = In - 0.15 were used.

Mx/h P Wave Shape

M/hp Figure 7 shows the analytically

T0 /hpJ predicted and experimentally observed
steady-state tile/pad interface stress,
azz, as a function of time due to a
sinusoidal substrate motion having an

Equotions (8) are integrated acceleration of 30 g's az,d oscillating
explicitly using the following recursive frequency of 80 Hz. Both the analyti-
relations cal and experimental wave shapes are

highly nonlinear with high stress peaks.
(A linear system would give a purely

i+l } + At[M]-({Fi sinusoidal response.) These peaks seem
to be due to the tile acquiring a high
velocity over the soft material range
which causes it to overshoot into the

{qi+l {q}i + At(q}i+l (9) stiff material range, thus producing
high stress peaks on each cycle of
motion.

where At is an appropriate time step.
The initial conditions are specified Resonant Frequency
on the strain-rate independent Kirchhjff
stress components, on {q), and on {q). Figure 8 displays the variation of
The initial strains and strain-rates resonant frequency with substrate
may then be calculated from Eqs. (1) acceleration amplitude measured in g's.
and the strain-rate dependent stresses The resonant frequency is taken as that
from Eqs. (4). If the initial state of frequency which yields the peak amplitude
stress-strain lies outside of the normal steady-state pad stress. The experi-
or shear envelope, then the strain-rate mental data were derived from tests on
must initially be nonzero, two tile/pad specimens. Variation

in pad properties between the two speci-
At the ith step, the known mens probably accounts for much of the

vector {q}i and {4)i are used data scatter. The analysis uses average
to compute the Green strains and pad data and thus lies within the data
strain rates from Eqs. (1). In turn, scatter. With increasing amplitude of
these strains and strain rates, in con- substrate acceleration, analysis and
Junction with the tracing of the stress- experiment both show a rapid decrease in
strain curves (see Ref. M4] for details resonant frequency (nonlinear soften-
on how the tracking of the stress-strain ing) followed by a slow increase
curves is accomplished on the computer)
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in resonant frequency (nonlinear losses attributable to pad friction.
hardening). Both curves exhibit similar trends

and approach constant values at
The trend can be understood by large amplitudes of substrate motion.

considering the material behavior of For high amplitudes it appears that the
Fig. 4 (a). For small amplitudes of energy loss due to -,train-rate indepen-
substrate acceleratior the material dent stresses alone accounts for about
follows a stiff loadiný_1 unloading loop 30 percent of the total energy loss;
(loop A), with little or no portion of thus, both dissipation mechanisms are
the cycle on the lower modulus envelope, important.
This indicates that for small ampli-
tudes the friction forces between pad Parametric Resonance
filaments accounts for the entire load
carrying mechanism of the pad. As the At certain combinations of the
amplitude is increased, a larger portion vertical substrate acceleration ampli-
c~f the cycle lies on the soft portion of tude and the frequency, the system may
the envelope (loop B), and so the become unstable laterally. This is
resonant frequency decreases. With demonstrated analytically in Fig. 10(a)
further increase the resonant frequency where the substrate is oscillating
starts increasing as more and more of vertically in steady state motion at
the cycle begins to include the higher 80 Hz with an acceleration amplitude of
modulus region of the envelope at raised 30 g~s. if the system is perfectly
stress levels (loop C). symmetric, as is assumed here, no

lateral motion occurs and the normal
Pad Damping stress, azzr exhibits the typical

nonlinear high peaked response history
Damping mechanisms in the pad may seen in Fig. 7, while the shear stress

be examined by using the analysis to is zero. However, in reality there
evaluate the loss factor, n, at the always exists some perturbing disturbance
resonant steady-state frequency. The to excite an instability if one exists.
loss factor is defined herein as Hence, to excite the-lateral motion

analytically, a small oscillatory
disturbing shear stress is externally

-(l/
2 7r) (Ed/Ek) (10) applied to the tile with a magnitude of

0.003 psi and oscillating at 80 Hz;
the same frequency as the vertical

where Ek, is the peak kinetic energy motion. (This is equivalent to 0.03 g's
attained by the tile during a steady- of lateral acceleration on the tile.)
state cycle of motion, namely, After a few cycles the lateral stress

grows from 0.001 psi to about 0.5 psi
*k-(/2 l 2 and takes on a frequency about half that

Bk (/2)mlpeakl of the vertical substrate and tile fre-
quency. Such behavior is claissically
referred to as parametric response.

and Ed is the energy dissipated by the Figure 10(a) also shows that as the
pad per cycle of steady-state motion shear stress and hence lateral motion
which may be calculated by evaluating grows, the normal stress decreases as
the integral, energy leaves the vertical motion and

goes into lateral motion.

Ed A (a Aa w - dt Using the analysis herein, similar
f Z results can be generated for other comn-
to binations of amplitude and frequency to

produce the stability boundary shown in
Fig. 10(b). The stability boundary is

in which to is any time large. enough derived using average pad properties
so that the system is in steady-state and thus other tile./pad specimens may
motion and T is the period of motion. have somewhat different boundaries

from what is shown here. However,
In Fig. 9, the variation of n general statements about its character

with amplitude of substrate accelera- can be safely made.
tion is shown with and withcut nonlinear
viscous damping present. That is, with The figure illustrates that for
both strain-rate independent and depen- low amplitude motion the system is
dent stressee present, and with only always stable, but becomes unstable
strain-rate independent stresses pre- above a critical value of excitation
sent. In the latter case, the energy amplitude which for the pad properties
dissipation is due only to hysteretic used herein is 16 g's. The instability
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occurs over a specific frequency bandl pad properties from specimen to specimen.
the width of the band growing slowly with the correlation is very good using aver-
increasing amplitude. Further, for the age pad properties.
tile/pad combination under examination
here, there does not appear to be any In performing the nonlinear analy-
instability possible at frequencies sis, the power spectral density (PSD)
below 40 Hz independent of amplitude, associated with substrate excitation

used in the 'test is employed to derive
Also shown in Fig. 10(b) is a an appropriate substrate acceleration

daplicate of the experimental and ana- history using a random number generator
lytical resonant frequency variation of subject to the constraint of a Gaussian
Fig. 8. As is seen, the analytically probability density distribution.
predicted resonant frequencies, for the
pad properties used herein, lie outside If the system was linear, the
of the unstable range for values of curves of Fig. 11 would show no varia-
excitation amplitude less than 32 g's. tion with substrate rms acceleration
Above this value the resonant frequency level and the gains based upon rms and
will have little significance unless the peak ratios would be identical. Inas-
tile is restrained from lateral motion, much as both test and analysis gains
All but one of the experimental resonant based on rms ratios display little
frequencies lie outsideof the predicted variation with substrate acceleration
unstable region and above 16 g's of level, gains based on rms rat.os could
excitation the test data generally lie be predicted using a linear analysis
above the unstable region. Thus, in with the appropriate amount of damping.
performing sine sweep tests to locate However, this is not true for gains
resonant frequencies, the unstable region based on peak ratios. Both test and
may be entered temporarily. Indeed this analysis gains based on peak ratios
has been the experience in experimental become considerably higher than those
investigations, where the parametric based on rms ratios at higher substrate
resonance of the system was first acceleration levels. The result is
observed. Parametric resonances strictly a nonlinear phenonenon.
were observed to occur in torsional as
well as lateral modes. Probability of Occurrence for Positive

Peak Pad Stresses Due to Random
Although lateral instabilities were Gaussian Substrate Acceleration

observed experimentally and analytically
under sinusoidal substrate excitation In predicting the fatigue life of
they have not been observed under the the thermal protection system, it is
random loads of the actual dynamic first necessary to predict the
environment. Nevertheless the lateral probability of occurrence of positive
instability does indicate a strong pad stress peaks. It is often conve-
coupling between vertical and lateral nient to assume that thip follows a
motion. Since the tile will also rock Rayleigh distribution. In a linear
during lateral motion an inertialmoment system where the excitation positive
on the tile due to coupling must be peaks follow a Rayleigh distribution,
accounted for as has been done in the assumption is completely valid. The
determining equivalent static loads rms pad stress completely characterizes
for the system stress analysis [2]. the assumed Rayleigh distribution and

the probability of occurrence for
Gain Values for Random Substrate positive pad stress peaks exceeding
Excitation three times the rms pad stress or

3-SIGMA value is about 3.3 percent.
Random spectral tests and non- Therefore, the purpose of this section

linear analysis were performed at dif- is to address the validity of the
ferent substrate peak g2 /Hz levels on Rayleigh distribution using the non-
0.454 and 0.844 Kg (1.0 and 1.86 lb) linear analysis.
tile/pad configurations. These
tile masses are high for typical In the nonlinear analysis, it is
Shuttle tiles but were selected first necessary to generate random
specifically for test-analysis cor- Gaussian substrate acceleration histo-
relation. For both test and analysis ries which have thq proper PSD's.
system gains based upon rms tile ac- These substrate acceleration histories
celeration to rms substrate accelera- are then used as transient excitations
tion and the peak tile acceleration in the nonlinear analysis. The pre-
to peak substrate acceleration were dicted nonlinear pad stress history is
determined abd plotted against the then calculated and the data reduced
substrate rms acceleration level in (this includes counting and ordering
Fig. 11. Considering the variation of positive peak stresses) to provide the
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probability density of positive peak pad system behavior, gave added confidence
stresses as shown for example in that the system was understood, and
Fig. 12. Also shown is the tile could be exercised on specific individ-
weight, PSD input spectrum used, linear ual tiles, it was not feasible to perform
and nonlinear predicted rms tile a dynamic analysis on each of thousands
response and pad stress. A comparison of tiles. Thus, a static nonlinear
of the nonlinear predicted probability analysis using equivalent static loads
density of positive peak pad stresses from the dynamic environment (2] was
with the assumed Rayleigh distriL.ation developed and applied. The dynamic
is normalized on the basis of a linear analysis also aided in defining an un-
predicted rms stress. The linear anal- anticipated load for the static analysis
ysis assumes 35 percent of critical in the form of a moment due to vertical-
damping and a linear stiffness of lateral coupling.
1368 N/cm (781 lb/in.). The comparison
indicates that, in general, there is
little difference between the linear and STATIC ANALYSIS AND DATA MANAGEMENT
nonlinear predicted rms stress values; SYSTEM
the same conclusion reached previously.
As a consequence, the Rayleigh distri- Scope
bution generally provides a good
approximation for the occurrence of pad Assessment of the integrity of the
stresses near the rms stress value which thermal protection system required
has the greatest probability of occur- that a stress analysis be performed on
rence. However, as the pad stresses each of thousands of tiles as shown in
get higher, the Rayleigh distribution Fig. 13. A stress analysis program
becomes more inaccurate, with a much [7-9] was developed for this purpose.
higher percentage of peaks occurring The analysis accounts for the nonlinear
beyond three times the rms stress value, material properties of the strain
It is these higher btresses which are isolator pads used to attach the tiles
most damaging to the life of the thermal to the metal surface of the Orbiter.
protection system. They exceed the This analysis requires geometry defini-
Rayleigh distribution prediction due to tion, aerodynamic and vibroacoustic
the presenice of nonlinearities in the loads, Orbiter surface deflections, and
pad behavior which have more influence materials data for each tile (see
when higher pad stresses are present. Fig. 14). For example, the material
Similar results show that the greater properties of the pad and filler bar
the substrate motion, the higher the depend upon the proof test level used
pad stress and hence the greater the on each individual tile inasmuch as this
exceedance of the Rayleigh distribution causes the pad filaments to realign
at its high end, while for lighter themselves [1)]; thus, making the pad
tiles the exceedance decreases [6). under each tile unique. The geometry#

loads and material data existed in many
Summary oi Nonlinear Dynamic Analysis forms in various engineering reports.
Results The gathering and preparation of input

data for the analysis of a single tile
in view of the test data scatter was a time-consuming process (required

due to the variation of material pro- approximately one man-day per tile) when
perties from test specimen to specimen, done by hand. Therefore, there was a
the dynamic analysis is in good agree- need for the capability for automatic
ment with the experimental results. storage and retrieval of data needed
Both test and analysis show an amplitude for analysis so that large numbers of
depen.dent resonant frequency and gain tiles could be analyzed in a timely
ratios based on peak values. Gain manner.
ratios based on rms values appear to be
predictable from a linear analysis when To incorporate an advanced engi-
appropriate linear viscous damping neering data management system with a
values are chosen since the rms based static nonlinear stress analysis use
gains show little variation with ampli- was made of the Relational Information
tude. Gain ratios based on peak values Management (RIM) system [16] which was
are seen to be higher than those based developed as part of the NASA-sponsored
on rms values. However, it is believed IPAD project. The interactive query
that the design loads are sufficiently language of the RIM system is used to
conservative so that the lower rms based make selected on-line retrievals of any
gains can be safely used rather than stored data. A FORTRAN interface,
the higher peak based gains, which is a set of user callable RIM sub-

routines, is used extensively by other
Although the dynamic analysis pro- computer programs needed for communica-

duced useful general information on the tion of data between the nonlinear
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analysis program and RIM. This analysis/ The various tile loading sources
data management system served to automate considered are shown in Fig. 14(e).
the entire tile assessment process begin- The parameters needed to define the
ning with access of tile data from RIM steady aerodynamic loads include the
through execution of the nonlinear stress pressure change across a shock for both
analysis program and display of results. separated and unseparated flow, aero-
This significant analysis effort was dynamic pressure gradients in the
performed in a timely manner (less than streamwise and transverse directions,
a day) and is typical of the studies and a reference pressure which is
performed to aid in flight-readiness related to the ambient pressure. Aero-
certification of the tiles for the first buffet loading is given as forces and
Orbiter flight. moments measured from wind-tunnel tests.

The load on the tile caused by a lag in
Capabilities venting the interior tile pressure

during Orbiter ascent is taken to be a
The capabilities of the static constant value for all tiles. The skin

analysis are schematically illustrated friction on the external surface is a
in Fig. 14 and are similar to those of function of the distance of the tile
the dynamic analysis. However, there from the leading edge of the Orbiter
are certain significant differences. planform, a quantity that is calculated

and stored in the data management
Configuration.- To provide capa- system for each tile. The substrate

bility to analyze all tile configura- deformation for vibroacoustic loading
tions, the pads are defined with an has a specified amplitude and wavelength
arbitrary boundary made up of linear corresponding to the structural panel
segments including cutouts for instru- width. The static substrate deflection
mentation or other penetrations. Since corresponds to deformation of the skin
the analysis process requires integration between stiffeners on the panel caused by
of stresses over the pad, the pad and/or a combination of in-plane loads and
filler bar surfaces are divided into pressure differentials across the skin.
triangular regions each containing a In the analysis procedure, the deflec-
mesh of subtriangles as shown in tions of the substrate are positioned
Fig. 14(c). The integrated stress is relative to the tile to give maximum
the sum of contributions of assumed stress. The r-..ximum positive amplitude
linear stress distributions over of the long wavelength is positioned
each subtriangle. The mesh refinement at the center of the tile while the
can be varied to give any desired solu- maximum negative amplitude of the short
tion accuracy. wavelength is positioned under the

front corner of the tile. These sub-
Material Progerties.- In statically strate deflection positions were guided

treatingthe nonlinear material pro- by results presented in Ref. [17].
perties of the pad and filler bar, it is
assumed that the tile experiences no The data needed to describe this
load reversals in arriving at a given load environment are defined in relation
load state. Thus the modeling of the to aerodynamic and structural panels
hysteretic nature of the material as defined on the surface of the Orbiter.
required in the dynamic analysis is The aerodynamic loa.l parameters are
eliminated. With this complication taken to be constant within each of the
removed it becomes feasible to model aerodynamic panels shown in Fig. 14(f).
the softening of the pad which occurs The boundaries of the wing panels are
at high stress levels as shown in located at constant fraction of semispan
Fig. 14(d). For accurate stress analy- locations and constant percent chord
sis, this may have a signific&nt locations, the usual nondimensional
effect. coordinates used by aerodynamicists.

Only two aerodynamic panels, correspond-
Tile Loads.- Stresses in the strain ing to the MF-5 and MF-6 tile regions

isolator pad are caused by pressures of the Orbiter are used for the fuselage.
acting on the tile which result from
the aerodynamic environment, inertia The static substrate deflection
forces from vibratory motion of the tile, is defined in relation to the structural
and deflections of the substrate to panel& shown in Fig. 14(g). The bound-
which the pad is attached. The vibratory aries of the wing structural panels are
inertia loading on the tiles and cor- along ribs and spars and along frames
responding dynamic substrate deflections and stringers on the fuselage. The
are collectively referred to as vibro- vibroacoustic tile loading is a function
acoustic loads. of distance from the panel boundary.
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Stress Analysis in RIM. This language has the flexibil-
ity to support retrieval of data to

In the baseline or original con- satisfy a variety of conditions many of
figuration, the tiles had uniform pro- which were not anticipated during the
perties through the thickness organization of the tile data base. The
(undensified tile.). During early syntax of the query language statements
testing of the undensified tiles under makes them self-explanatory. In general,
externally applied loads, failure the statements specify an operation to
was found to occur in the tiles adjacent be performed, specify the location of the
to the plane where they were bonded to data within the data base, and define
the pad. Based on this observation, it conditions to be satisfied by data values.
is assumed that the integrity ol. the Data manipulation commands are available
system depends upon the normal stress in RIM to change the contents and organi-
at the pad/tile bondline. If this cal- zation of the data base.
culated normal stress exceeded a speci-
fied allowable stress, the tile was Graphical displays of the tile data
removed and densified (strengthened by were important for validating or correct-
a thini layer of impregnated material at ing the data after it was loaded into
the tile's inner surface). the data base. A separate plotting pro-

gram was developed for this purpose.
A tile analysis program based on This program generates a planform view

the above considerations was developed of tile geometry with each t~le annotated
to calculate these normal stresses in with any related data which can be dis-
the pad [8,9]. The analysis procedure played on an interactive terminal and/or
is a generalization and extension of of fline plotter. Such a display is
the basic method described in Ref. [7] illustrated by the planform vi-ew of tiles
and is the static counterpart of in Fig. 13.
Ecyq. (8), but with assumed small deflec-
t&.ons. External loads are applied to the Automated Data Management/Analysis
tile as concentrated forces, pressures, Sse
and/or inertially equivalent accelera-
tions (g-load). The substrate under the The data management system RIM
pad can be given a prescribed shape to together with the analysis programs were
represent mismatch from the manufactur- combined into a system which was used to
ing process, warpage of the tile, and/or calculate, display, and interpret tile
deformations of the external surface of analysis results. The resulting auto-
the structure such as those caused by mated data management/analysis system is
buckling, a collection of computer programs and

data files needed for data communication
A Newton iteration procedure is between the nonlinear stress analysis

used to calculate the displacements and program and RIM. This system can be
rotations of the rigid tile for which used in three different modes as indi-
the reaction forces from stresses in the cated in Fig. 15. The first mode is to
pad and filler bar material are in static use the RIM interactive Executive as a
equilibrium with the applied loads, stand-alone system and access any of the
Once equilibrium is established, the desired engineering data. This capa-
maximum stress and its location in the bility is usually accessed from an
pad are calculated. The uniqueness and interactive terminal with keyboard input
stability of the nonlinear solution as and printed output. In the second mode,

pwell as the convergence of the Newton graphical displays of selected data are
iteration is addressed in Ref. [7]. generated on an on-line terminal and/or

off-line plotter using the separate
Data Handling program developed for this purpose. The

third user mode is to perform automated
The use of the RIM system for stress analysis. This mode requires use

managing the Orbiter tile data was of pre- and post-processors containing
greatly facilitated by its efficient, several computer programs and data files
flexible, easy-to-use capabilities for to connect the stress analysis program
data retrieval. The capabilities pro- with the '11M data files. The development
vided ready access to the tile engineer- of the pre- and post-processors was a
ing data for display in a user selected significant task requiring the same
form. The methods used to retrieve, level of effort as the creation of the
manipulate, and display the tile data tile data base itself. Neither the
are discussed in this section. stress analysis program nor RIM were

modified during development of the
A relational query language, which automated Eystem.

contains Boolean conditional clauses
for selecting desired data, is available
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User-prepared input data are re- undensified tiles on the lower surface
quired to select the tiles and to spe'-ify *of the Orbiter. A nonlinear stress
load conditions to be used in a part..c- analysis performed for each of these
ular analysis. This information is tiles required approximately 9.5 hours
used by the preprocessor to extract all of central processing time on CDC
data from the RIM data files which are CYBER 175 computers. This analysis was
required for a stress analysis and L~o divided into several individual runs,
generate an analytical model of the each involving approximately 100 tiles.
tile and its applied loads. This division into smaller runs was a

precautionary measure to minimize the
The preprocessor makes extensive effect of a software or hardware mal-

use of the RIM FORTRAN interface sub- function. It also allowed an opportunity
routines. These subroutines are used to for incremental review of results while
support repetitive queries that are taking advantage of the multiprograming
tailored to extract all data necessary capabilities of the CYBER computer.
to analyze the selected tile part numbers Over 3,003 tiles were analyzed in one
at the specified Mach number selected day in contrast to the previous manual
from a prescribed Shuttle Orbiter flight analysis which required one man-day per
trajectory. The resulting analytical tile. A typical analysis of 100 tiles
model is in the form of 'a card image required 0.8 minute for execution of
input file which is used by the non- the data access and analytical model
linear stress analysis program. The generation programs and 20.0 minutes
maximum interface stress for each tile/ for the nonlinear stress analysis pro-
pad combination is computed for each gram. Thus, the data access and model
load case that is specified, thus com- generation time is minor compared to the
pleting the automated stress analysis time required for stress analy sis.
process. This calculated stress infor- Accordingly, it is cost-effective to
nation is usually subsequently processed regenerate the analytical models of the
to determine the load case which produces tiles for input into the stress analysis
the largest stress for each tile. These program each time an analysis is made
stress values are compared with the rather than save the models on auxiliary
allowable stresses and then all pertinent storage.
Stress data are stored in the RIM data
files using a postprocessor. Various During the tile study, graphic dis-
user initiated queries are then made to plays were used to assess the calculated
assess the calculated stress data. stress data. Although data for each

tile zone were stored in a separate
Because of computing time require- data base, it was sometimes desirable

ments for the nonlinear stress analysis to have composite pictures of the cal-
procedure, interactive use of the system culated results. For this purpose, the
is effective when only a few cases are data in all pertinent relations were
to be analyzed. For the analysis of a combined in a common data base. Such
large number of tiles and/or load cases, a coimmon data base was used'to create
operation of *-he system in a batch mode the display of 1,000 undensified tiles
is desirabl on the lower surface of the Orbiter in

Fig. 16. These tiles are annotated
The automated data management! with an integer 1-10. Each integer

analysis system required a 10 man-month indicates a group of 100 tiles for a
effort for development. Approximately table sorted in order of decreasing
60 percent of the effort was required to criticality of their calculated stresses.
gather, organize, and store the data
into RIM and the other 40 percent During the development of an auto-
involved the development of computer mated analysis system to access the data,
programs to serve as an interface between many changes in data organization and
the stress analysis program and the RIM data content were made. These changes
data base. The data base contains reflected the evolutionary nature of an
approximately 600,000 words of engineer- engineering analysis process. For
ing data neceapary ' -%alyze the 8,000 example, during development of the
tiles'or ~-'.~r ce of the wing system, there was a continuing modifi-
and fsL (Fig. i.3). An additional cation of the loads data as various
250,000 words of data are used for wind-tunnel tests were completed
schema descriptions and inverted files accompanied by changes in criteria used
that are retained so that a total of to apply these loads to the tiles in
850,000 words of disk storage a:-e combinations to give realistic design
required. conditions. Hence, an important feature

of an engineering data management system
The largest app',: .. on of this is the flexibility for changing the con-

system was the analyLLA of all 3,137 tents, not only addition or deletion of
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BUFFET LOADS ON SHjTTLE

THERMAL-PROTECTION-SYSTEM TILES

Charles F. Coe
NASA, Amee Research Center
Moffett Field. California

This paper presents results of wind-tunnel and acoustic tests to Investi-
gate buffet loads on Shuttle Thermal-Protection-System (TPS) tiles. It
also describes the application of these results to the prediction of tile
buffet loads for the first shuttle flight into orbit (STS-1). The wind-
tunnel tests of tiles were conducted at transonic and cupersonic Mach
numbers simulating flow regions on the OrLiter where shock waves and
boundary-layer separations occur. The acoustic tests were conducted in
a progressive wave tube at an overall sound pressure level (OASPL)
approximately equal to the maximum OASPL measured during the wind-tunnel
tests in a region of flow separation. The STS-1 buffet load predictions
yielded peak tile stresses due to buffeting, that were as much as
20 percent of the total stress for the design-load came when a shock wave
,was on a tile.

INTROD'tCTION There are many variables that affect the
buffet loads on the more than 30,000 tiles on

This paper addresses the problem of evaluat- the Orbiter. The exterlor-surface pressure
ing the aerodynamic buffet loads on Shuttle fluctuations are the fundamental source of
Orbiter TPS tiles. The buffet loads of concern the excitation; however, the resultant excite-
are dynamic loads resulting from pressure fluc- tion of each tile depends upon the difference
tuations that occur on tiles in regions of shock between external and internal pressure fluc-
waves and separated flows during transonic and tuations. The reactive surfaces to the excita-
supersonic flight (Fig. 1). tion are the very thin nonporous glaze on the

outer surface and edges of the tile and the
adhesive at the bond line. (Sea preceding

SHOCK AHEAD OF TILE. AERO SEPARATION paper by Cooper for description of tiles end
bonding method.) The tile interior vents only
around the periphery of the tile at the base
of the gaps between tiles. The magnitude of

SHOCK TILE UNDER ANALYSIS the internal pressure fluctuations therefore
TILES depends on the pressure fluctuations at the

base of the gaps and the time constant associ-
ated with the porosity of the tile material
and the vent area. Gap pressure fluctuations
are an Important variable that depends upon
the tile thickness and the Sap dimensions,
which can vary with load due to the elasticity

SHOCK ON TILE, AERO SHOCK of the Strain Isolation Pad (SIP) and sub-
structure. Because of this complexity and
impossible ýcaling of models that could include

HOCK Orbiter geometry, the only practical approach
SHOCK to the investigation and estimation of buffet

+X• loads has been via wind-tunnel tests of full-
scale tiles using special fixtures in the.windEtunnels to create the desired shock wave and

I• separated-flow environments. Some buffet load
tests were also conducted in an acoustic pro-
gressive wave tube to determine the differetices
in loading due to aerodynamic and acoustic

Fig. 1 - Tile buffet-load cases environments.
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NOTATION = angle of attack

S- buffet pitching-moment coefficient,•/qSB =angle of sideslip

kb - tuffet normal-force coefficient, p free-stream density

FbIq,.S WIND-TUNNEL TESTS

- fluctuating pressure coefficient.
j/qeo Apparatus and Instrumentation

ib - buffet normal force Several wind-tunnel (and also flight) tests
have been conducted by the Shuttle contractor.

L - length of tile Rockwell International (RI). and by NASA that
relate to the buffet problem. Generally, the

Mb - buffet pitching moment tests by RI were proof tests with some measure-
ments of tile and substructure dynamic response.

M - Mach number Examples of tile dynamic response tests that
were conducted at Ames Research Center are shown

OASPL - overall sound pressure level li Fig. 2. (Also see accompanying paper by
Shuetz, Pinson. and Thornton that describes a

PSD - power spectral density combined loads test. OS-53, conducted at Langley
Research Center.) In most tests of this type,

p - fluctuating pressure the arrays of tiles (like those shown) were
mounted on elastic substrates that simulated

- free-stream dynamic pressure, (1/2)PV2  the structure of the Orbiter at selected loca-
tions. Special test fixtures were also designed

rms - root mean square to simulate the shock wave and separated flovi
regions on the Orbiter where high dynamic loads

S - tile surface area would occur. The photograph at the upper left
of Fig. 2 shows a tiled panel (test OS-36)

Xg - distance from shock wave to tile installed in a fixture designed for the Ames
leading edge 11-Foot Transonic Wind Tunnel. This fixture has

I a

Fig. 2 - Examples of tile dynamic rosponse tests
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a hydraulically activated leading-edge flap that model (see preceding paper by Howsner). Addi-
produces a transonic recompression shock wave tional tests, designated OS-52, were therefore
and separated flow on the panel when the flap is conducted, in this case by NASA, to obtain
deflected. The upper right photograph shows the measurements of both the steady and dynamic
same panal mounted in a ceiling fixture in the tile airloads.
Ames 9- by 7-Foot Supersonic Wind Tunnel. In
this case, a hydraulically actuated flap is down- OS-52 tests were carried out in the Ames
stream of the panel to produce a supersonic 11-Foot Transonic Wind Tunnel using the 0S-36
compression shock and separated flow on the panel-test fixture with the leading-edge flap.
tiles. This photograph shows the tiles after For OS-52 a special tile-balance load-
testing, and some minor damage can be seen near measurement system was constructed to test
the tile edge, a result of tile vibration. The single tiles of various thicknesses. Photo-
photo at the lower left shows an array of thin graphs of the wind-tunnel installation and air-
tiles with several cracks that resulted from the loads instrumentation are shown in Fig. 3.
test loads; on the lower right, a panel is shown Figure 4 shows additional details of the instru-
where there was a bond-line failure of diced mentation. The tile under tests was bonded
tiles. The load environment and the failure was conventionally with SIP to a 6.35 x 10-3-meter-
similar to the STS-1 tile failures on the Orbital thick (1/4-inch) aluminum plate, which in turn
Maneuvering System (OMS) pods that could be seen was supported by four strain-gage beams attached
on the television pictures of the Orbiter in at the corners of the balance frame. Each
space. strain-gage beam contained foil gages for low

drift and semiconductor gages for higher output
The instrumentation used for the tile- from dynamic loads. The tiled plate contained

response tests included Scani-valvos, nine strain-gaged diaphragms that responded to
fluctuating-pressure transducers, and accelerom- the local loads at the SIP/plate bond line. The
eters. Each test arrangement included a cali- diaphragms were milled directly into the plates
bration panel that was thoroughly instrumented by an initial machine cut and by a final elec-
to establish the environment, and a test panel trodisplacement process to yield a thickness of
with a few sideline pressures to confirm a 7.62 x 10"- meter (0.003 inch). The instrumen-
repeat of the test environment. The accelerom- tation for these tests also included non-
eters were installed on the test-panel substrate contacting displacement probes for measuring
and in some test-panel tiles. The results of the in-plane and out-of-plane displacements and
tile dynamic response tests indicated that the instrumentation for measuring steady-state and
buffet loads could be significant, but quanti- fluctuating !)ressures. To preserve the steady-
tative forces and moments were not obtained that state and dynamic elastic properties of the
would support the development of a tile loads

Fig. 3 - TilQ airload tests in Ames 11-Foot Transonic Wind Tunnel
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Fig. 4 - Instrumentation for tile airload tests

tile/SIP combination for OS-52, no instrumenta- tile, Xs/L, are presented in Fig. 5. For these
tion was placed in the tiles under test. Sec- tests, the position of the shock wave was con-
tion A-A, Vig. 4, shows the cross section of trolled by varying Mach number while the
one of the strain-gage beams, the tile, SIP,
tile plate with a diaphragm load sensor, and
the cavity beneath the tile plate. This cavity,
which was necessary for this instrumentation CONFIG.
approach, was vented only around the boundary a i.6D
of the tile plate, through a 3.18 x 10-s-meter o2.6B
(1/8-inch) gap corresponding to the gap between .062
the SIP and filler bar. (The filler bar is a a 2.50
piece of SIP material at the base of the tile .05 * 3.58
gaps that is not bonded to the tiles.) It is.4 A 3.50
obvious from this sketch that differences in
either steady-state or dynamic pressure betweene
the SIP and cavity would affect the airload CNbns aG
measurements. Pressures were therefore measured . -
in the SIP and cavity that showed, fortunately, "
that the pressure differences across the plate .01
were negligible relative to the accuracy of the * 30 a
force and local load measurements. 0 .. . . . #A

-6 -.4 -.2 0 .2 .4 .6 .8 1.0 1.2 1.4
Tile Buffet Load Measurements XI/L

The measured buffet normal force coeffi-
cients. CNb , versus the shock position on the Fig. 5 - 0S-52 aero-buffet normal-fcrcecoefficients
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leading-edge flap deflection was held constant conservatively simulate the aerodynamic
at 200. The strength of the shock wave and cor- separated-flow excitation. Figure 8, which
responding buffet excitation was controlled by shoes the power spectra of the two excitations,
vatying the free-stream dynamic pressure, q., to
correspond with the nominal launch conditions of CONFIG.
STS-1. Overall sound pressure levels (OASPL) on 6 1.60
the tiles under test were approximately 161 db o2.55
( -Prms m.0.077) when the flow was separated and .012 o 2.50

168 dB (CPrma - 0.171) when the shock wave was .010 0 &511

on the tile. The tile material was LI 900 a a 350D
which has a density of 144 kg/m 3 (9 lbs/ftl) .008
The tile test configuration Is identified in M a £

Fig. 5 by various symbols that designate the CM,. a006
tile thickness in inches (1.6 to 3.5) and 004
whether the tile was densified at the bond line . a

(D) or a baseline tile (B, undensified). The .002 -
results show that the highest buffet normal
forces occurred when the flow over the tile 0........
was separated, Xs/L < 0. For the case when the -.6 -.4 -. 2 0 .2 .4 .6 .8 1.0 1.2 1.4
shock wave was on the tile, 0 < Xs/L < 1, there XL
is an apparent peak in tba buffet normal-force
data at X./L - 0.'. The fact that the buffet Fig. 6 - OS-52 aero-buffet pitching-moment
loads were higher for the separated-flow case coefficients
than for the shock-wave case is accountable to
the wider frequency range of the pressure
fluctuations from the separated flow.

Figure 6 shows the variation of the buffet
pitching-moment cofficients, CM, with shock

position. As would be expected the buffet
response in terms of pitching moment or normal
force have similar characteristics. The data in
both forms show relatively large scatter of the
plotted points for the various configurations
tested. The scatter in both normal-force and
pitching-moment points results from several fac-
tors relating to the tile bonding and SIP. For
example, SIP properties varied significantly among
the configurations tested. In most cases the SIP
was sufficiently elastic to allow the tiles to
touch adjacent dummy boundary tiles. The scat-
ter, unfortunately, indicates that more data
are needed to establish, statistically, the
effects of dependent parameters. Fig. 7 Tile installation in JSC Acoustic

:, Test Facility

PROGRESSIVE "1AVE TUBE TESTS

Four tile conf$.gurations from the OS-52 - ACOUSTIC
wind-tunnel 'tests were also tested in a progres- ---- AEROSEP.
give wave tube at the Johnson Space Center 10"3
Acoustic Test Facility. The acoustic tests were
conducted to determine if tile buffet loads 104
resulting from aerodynamic or acoustic environ-
ments are significantly different. A photograph i or-in Fig. 7 shows a tile installation in the pro-

gressive wave tube. The sane forct- balance S

hardware and load sensors were used for both 103

the wind-tunnel and acoustic tests. In addition, 9I0-
for the acoustic tests, accelerometers (ATxx)
were mounted on the tile surface and a micro-
phone (Nl) was suspended within the progressive I02
wave tube. The tile was positioned with its 10-6
leading edge normal to the progressive wave 1 0o 102 103 1i4
propagation. For OS-52 (Fig. 3), tiles were FREQUENCY, H&
oriented diagonally to the airstream.

The OASPL and frequency content of the Fig. 8 - Power spectra of acoustic and
acoustic excitation was adjusted to aero-separation excitations

151



indicates that the shaping of the acoustic spec- and 9- by 7-Foot Supersonic Wind Tunnel. The
trum compares with the aero-separation spectrum tests extended over a Mach-number range from 0.6
within the frequency range of the acoustic to 2.5. A photograph of the model in the
driver; however, within this range the acoustic 9- by 7-Foot Supersonic Wind Tunnel is shown in
excitation was higher than the aero-separation Fig. 11. The model, which was 3.5-percent
excitation. The OASPLs of the acoustic excita-
tion was 163 dB and the aerodynamic excitation

as11d.10 -ACOUSTIC F - 81. N 118.4 [h)was.. AfRO. SEP. dB. 21. N (4,S I)

Examples of power spectra of buffet normal -S M

forces resulting from acoustic and aerodynamic 4
excitations are shown in Fig. 9. The first
normal-mode resonant frequency of this tile on 10
SIP is about 100 Hs. No resonant peaks
occurred at 100 Hs, which is indicative of the
high damping of SIP; to some extent the rubbing 1 10"1
of the tile on an adjacent dummy tile would also -
cause high damping. The relatively undamped
rtoonant peaks at about 700 Hz are from the
strain-gate balance beams. As noted in Fig. a9 10-2

the buffet force resulting from the acoustic 10"1
excitation was significantly higher than that
resulting from the aerodynamic excitation. The
incremental diffence between the two buffet 10-
spectra is larger than the correspon.-ing dif- 0@2
ference in the excitation spectra. The higher V

buffet forces would be expected from the acoustic
excitation because acoustic pressure fluctua- ...1 .. . .I2 I 104
tions are more highly correlated spatially than FREQUENCY. Hz
aerodynamics pressure fluctuations. Also aero-
dynamic damping may significantly reduce Fig. 9 - Power spectra of buffet normal forces
aerodynamic buffet forces. due to acoustic and aero-separation excitations,

LI 900,, 2.5B.
ESTIMATION OF TILE BUFFET LOADS ON STS-l

predict the tile buffet loads on STS-l as part rFbm STS.) X

of an independent NASA effort to check tile loads S 5
and stresses. (All the various environments
and loads and the approach taken by NASA to
combine the loads are discussed by Huraca in a
preceding paper.)

The method for estimating the tile buffet x
loads on STS-1 is given in Fig. 10. The X ' Tm- Os-u STS-
approach taken was to multiply the measured
ratios of buffet forces and moments to surface- Fig. 10 - Method for estimating tile buffet
pressure excitation from OS-52 by the predicted loads on STS-1
surface-pressure fluctuations for the STS-1
tiles. Such a simple method was justified
because the OS-52 tiles were full scale. Also
the environmental conditions for the OS-52 tests
were near full scale, with exrjption of the
OASPL (P rms) of the excitation.

Estimation of Surface-Pressure Fluctuations
on STS-1

As mentioned in the Introduction, there
were two tile buffet-load cases of concern
(Fig. 1). For one case the aerodynamic flow at
the tile of interest is separated, and for the
second case a shock wave impinges on the tile.

The tile excitation on STS-1 was deter-
mined from two sources. The primary source was
the pressure-fluctuation measurements obtained .
from RI and NASA tests, IS-2, which were con- Fig. 11 - IS-2 aero-noise model in Ames
ducted in the Ames 11-Foot Transonic Wind Tunnel 9- by 7-Foot Supersonic Wind Tunnel
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scale, contained 237 dynamic-pressure trans- is, for the various aerodynamic subsones on
ducers. The frequency range of the recorded as described by Muraca. In some cases,
pressure fluctuations was from 5Hz to 40,000 Hz, however, the IS-2 data were judged to be insuf-
which corresponds to full-scale frequencies from ficient to detect the shock wave. In these
0.2 Hz to 1400 Hz. Examples of the variation cases, the strength of the shock waves that had
with Mach number of projected overall sound pres- been determined for the idealised shock model
sure levels (OASPL) on the Orbiter are shoun in (see paper bl Murace) was used to estimate the
Fig. 12. Orbiter transducer No. 83 was located prms resulting from the shock wave. The value of
on top of the fuselage over the crew compartment. Prms was estimated to be 1/6 of the static-
High OASPLs caused by separated flow are pressure difference across the shock wave. A
indicated up to H - 0.857, and the effect of the substantial amount of other experimental data
shock wave oscillating over the transducer can exists that confirms the validity of this ratio.
be seen at h - 0.885. Orbiter transducer No. 6
was located on the bottom of the fuselage Buffet Excitation of OS-52 Tiles
upstream of the forward bipod strut that
attaches to External Tank (ET) to the Orbiter. The excitation, Cprms, used to calculate
In this case, the effects of supersonic-flow the ratio of buffet loads to excitation was
separation can be seen. based on measurements of pressure fluctuations

that were obtained during the OS-36 and OS-52Data like those in Fig. 12. which were com- tss ic h aeisalto itr a
pile byRIwereconertd t theexctaton. tests. Since the same installation fixture was

piled by RI, were converted to the excitation.

FLIGHT dB LEVEL VS. MACH NO. FOR A NOMINAL TRAJECTORY
170

165 S166 a 2.10

00000

S160w
155

p1-0

w 145

Cc 140 .
0

135.

.6 .7 .8 .9 1.0 1.1. 1.2 1.3 1.4 1.5 1.6

M

170

165

u~c 160

155 o

S145

0 140

135
i I l I I I I p I

.6 .8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 24 26
M

Fig. 12 - Examples of overall sound pressure levels on Orbiter
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used for both tests, the data could be combined
to yield good longitudinal distributions of
dprms in the vicinity of the OS-52 tiles.

Cprms levels were established from these data .2

for separated flow and for the center of the
shock oscillation. These two values of 1prms

were then adjusted to account for the position
of the shock wave on the tile as shown iu
Fig. 13. This excitation model designated aconstant •ra=0.077 when the flow was 0

contan -.07 wen heflo wa.- -.4 -. 2 0 .2 .4 .6 .8 1.0 1.2 1.4
separated with the shock ahead of Xs/L - -0.2. XI/L
When the shock wave oscillations started to
touch the tile at Is/L - -0.2 the •rms was

increased to the measured maximu~ m 0.170 Fig. 13 - Buffet excitations of OS-52 tiles

at Xs/L - 0.5. The Cprm was then allowed to

decrease to the level of the attached boundary
layer at Xg/L - 1.2.

Buffet Excitation on STS-1

The buffet excitation on STS-1 tiles was
based on the aforementioned estimation of sur-
face pressure fluctuations on STS-1. For the
separated-flow case, the buffet excitation 1.0.
applied in the equations of Fig. 10 was taken
directly from the IS-2 dats that had been pro-
jected to STS-1 flight conditions, as illustrated
in Fig. 12. For the aero-shock case, the pressure .6

fluctuations that were obtained from I5-2 or the .8 '
aero-shock model were adjusted to account for
the position of the shock, Xs/L, by the same
approach descr'ied for the estimation of buffet
exciLauion of 0S-52 tiles. The STS-l aero- -2 .2 .4 .6 . 1.0 1.2 1.4
shock pressure fluctuations were simply multi- XVL
plied by the ratio of buffet excitation to shock
pressure fluctuations versus Xa/L shown in
Fig. 14; this ratio was obtained by normalizing
the 0S-52 buffet excitation (Fig. 13). For Fig. 14 - Ratio of buffet excitation to Cprms
both cases, when IS-2 data were used, the upper of shock wave at center of tile on STS-1
bound of the IS-2 data was taken when there was
more than one measurement within an aerodynamic
subzone.

CONFIG.
Ratios of Buffet Forces and Moments to Excitation

o 1.6 D 0862

The ratios of buffet forces and moments to o'2.5B 0S52
excitation that were applied to the prediction o 2.5D 0852
of STS-1 tile buffet loads are shown in Figs. 15 .6
and 16. These ratios were obtained by dividing o3.56 OS52

the forces and moments from OS-52 (Figs. 5 and 6) .5 - a a 3.5D O852
by the OS-52 buffet excitation (Fig. 13). The .....

dashed lines, which approximate the nominal .4 E N1.60 DoOS53A 0oo

trends of the data, are the ratios used in thePb USED .N LOADS MO L
loads model. The upper bounds of these data were Fb/W .3 - MODEL

not used in the loads model in order to avoid 0 N A
conservatism. Some confidence in the loads model .2 a o a
is provided, however, by the good correlation of 0 -
some independent buffet loads data that were .1 _u -°

obtained from test OS-53A (filled symbols in 0- AERO EP.--- AERO SHOCK-H

Figs. 15 and 16). OS-53 is described in an -.6 -. 4 -. 2 0 .2 .4 .6 .8 1.0 1.2 1.4
accompanying paper by Shuetz, Pinson, and XS/L
Thornton.

Fig. 15 - Ratio of buffet normal force to
excitation
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Peak Buffet Loads and Stresses 'b m 44 - 54 N (10 - 12 lbs)

The buffet loads on STS-l were estimated
by applying the equations in Fig. 10. The m 1.6 - 1,8 N-n (14 - 16 in-Ibe)ratios Fb/0 and Rb/P war* represented by the pk 16-.8Na(4-6Inls

dashed lines in Figs. 15 and It.
CONF(G. Sbpk " 9,600 - 10.300 N/ma (1.4 - 1.5 lbo/ln2)

o 1.6D 08-52
o 2.58 08.52 These buffet loads were esatimated for the
o 2.50 OS-62 undenaified tiles that were on STS-1 in under-.14 W B • wing and under-mid-fuselage subsoues. StressesA due to tile aero buffet were about 20 percent

.12 a &5 D 0S5-2 of the total estimated tile stresses.
.1 .... a 1.60 OS-53A.1--------- 1.D CONCLUDING R('~

USED IN LOADS C *
b/ .09 MODEL This paper has described the method used

MOi Cby NASA to estimate TPS tile aerodynamic buffet.06 Go loads on STS-1. The method was based on a
a & simple buffet-loads model, which was developedfrom tile dynamic force and moment measurements.02-- obtained in wind tunnels. The model established

0 S A pK--J the buffet loads versus the position of the
S -- ± ' shock wave on a tile as a function of the

-.8 -4 -.2 0 .2 .4 .6 .8 1.0 1.2 1.4 buffet excitation. The paper also described
VL the estimation of the buffet excitation on

STS-1.
Fig. 16 - Ratio of buffet Pitching moment to
excite tion 

The buffet-loads model was establishedThe peak buffet loads were taken to be from a relatively small amount of wind-tunnel4 times the rms load. The appropriate peak-to- data which had substantial scatter. The modelrms ratio for this application was evaluated represented the approximate nominal trends of
from both OS-52 and 0S-53 test data. Examples the data rather than upper bounds, to avoidof peak-to-rms measured from OS-53 data are undue conservatism in the predicted STS-1 buffet
shown in Table 1. loads. Additional tests of tile buffet loads,to establish the effects of important parameters

TABLE 1 and to improve the confidence of future buffet-
Peak-to-rms Ratios of 0S-53 Tile Buffet load predictions, have been recolmwnded.

Normal Forces

Run Max Min Mean 1 St. _____St. _____St. dew,

1 20.0 -7.9 6.7 3.50 3.80

3 32.8 -5.7 11.6 4.50 4.61

5 22.1 -3.4 9.7 3.40 3.65

7 37.4 7.0 23.9 3.35 4.03
- - -- 16.09 4 4.02

As previously discussed by Nurtca. the
design load case for STS-1 was the load combi-
nation when a sbock wave was o0 a tile. Some
typical peak buffet normal forces (Fbpk)- pitch-
ing moments (Abk) and stresses (ý,pk)' resulting
from the combination of forces and moments when
a shock wave was on a tile, are as follows:
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UNSTEADY ENVIRONMENTS AND RESPONSES OF THE
SHUTTLE COMBINED LOADS ORBITER TEST

P. H.. Schuets
Rockwell InterIational

Downey, California

L. D, Pinibn and H. T. Thornton, Jr.
NASA Langley Research Canter

Hampton, Virginia

Both separate and combined wind tunnel and vibration shaker tests were conducted on
t structural panels representative of the Shuttle orbiter in the NASA LaRC 8-foot
transonic pressure tunnel (TPT) to determine the effects of combined loads on the thermal
protection system (TPS). The primary objective of this- tat was to provide a combined
full-scale load environment and realistic time history of the dynamic pressures, Mach
numbers (through transonic), and dynamic structural responses of then panels. The panels
were selected from arbiter locations where interactive load sources such as aerodynamic
shock waves, turbulent boundary layers, strut-induced vwrticity, and substrate deformation
combined to provide high bonding loads between the TPS and the orbiter structure.

The tes panels for this program were highly instrutpented with static and dynamic
pressure gages, accelerometers, deflecta meters, strain gages, Schileren and high speed
photography, and special instrumentation necessary to determine PS/structure interface
loads and tile motions Two test specinens of each orbiter panel were utillaed. Both ware
high-idelity representation of the selected orbiter location, The first pane (calibration
panel) for each test was utilized to calibrate the tunnel and shaker system a well as provide
a data-athering source for applied static and dynamic loads. The second panel (test panel)
for each test was subjected to flight time exposures only so that S characteristics as a
function of flight mission exposure could be determined. These tests were the last in a arwes
that was succeasfully completed and necessary to certify the MP6 prior to the first
launching of the Shuttle.

INTRODUCTION Research Center (LaRC), as well as on F-15 and F-104
aircraft at NASA Dryden Flight Research Center.

The combined loads orbiter test (CLOT) program was
part of the TPS flow test program that was initiated after The CLOT program consisted of wind tunnel tests of
flow4nduced TPS problems were found during the ferry two full-scale panels designated CLOT 20-A and CLOT 20-C.
flight of Orbiter 102 from California to Florida. The These panels represented locations on the orbiter forward
problems included migration of the filler material in wide tile fuselage underbody as shown in Fig. 1. They were subjected
gaps, lifting of mini-tiles, and loosening of tiles with small to realistic time histories of the dynamic pressure and Mach
bonding surface areas. The objectives of the flow test numbers that they would be subjected to during the period
program were to obtain detailed steady and unsteady of highloading in actual flight. Both panels were of
aerodynamic pressure data for TPS analyses, obtain TPS high-fidelity structural skin and tile configuration. rhese
failure modes data, and to demonstrate the aoiity of the TPS panels were selected because of high combined tile loads.
:o endure the most severe pressure gradients and aerody- CLOT panel 20-A, located downstream of the forward

namnic turbulence expected on the orbiter surface..s. Areas orbiter/external tank (ET) attachment (bipod), was selected
from which TPS configurations were selected for flow tests because of the structural flexibility and large pressure
are shown in Fig. L Flow tests were conducted in wind gradients in this area during the maximum Q period of ascent
tunnels at NASA Ames Research Center, USAF Arnold flight. The pressure gradients and highly turbulent flow aft of
Engineering Development Center, and NASA Langley the bipod made this a prime candidate for a combined loads
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a-;c3 aft nf the bipod. The panel measured 1.66 m (65.3 in.) in the

ROLo \yesI vmcr mVEpNT PORTstreazn.wise direction (X-axis) and 1.24 m (49 in.) in the
WOIO LIAOIN -DGt crosswise direction (Y-axis). Basic construction consisted ofC•I,.OUTU - LDSEK

TC 13A 0. 18 cm (0.071 in.) aluminum skin with hat section stringers
VWNY 0VNT P 14M in the streaw-wise direction, located on 9.85 cm (3.88 in.)

centers. Two majicr frames and one mini-frame in the
FibI 1- TPS flow test proramn; test article locations crosswise direction completed the panel construction, which

was mounted in an I-beam box frame. Most of the panel was
test specimen. CLOT panel 20-C, located ahead of tht bipod, covered with higher strength densifled tiles having a weight
was selected because of the unusual tile footprints on the density of 9 pcf and mounted on strain isolator pads (sIP)
nose landing gear door and the high aerodynamic shock load having a thickness of 0.041 cm (0.16 in.), which were then
associated with a compression shock that forms in front of bonded to the skin using flight vehicle installation and
the attachment during ascent supersonic flight, inspection procedures. Foam tiles of the same density

covered the remainder of the twst panel.
The primary objectives of the CLOT test program were

to verify that the tiles remained attached during exposure to Except for the tiles, a CLOT 20-A calibration panel of
the aerodynamic environments, and that the surface rough- identical configuration was also constructed. This panel had
ness (step and gap) remained within the specification all but one selected tile made of foam and was utilized to
following the test. Additional objectives were to obtain test calibrate the tunnel to ascertain aerodynamic and instrumen,
data of static and dynamic pressure, loads, and deflection, ration checkout. This eliminated unnecessary life cycles being
which would support on-going analysis and math models, applied to the test panel during calibration and checkout.

TEST FACILITY
Ait PLOW

The LaRC 2.44 m (8 ft.) transonic wind tunnel facility
was utilized to test both CLOT panels. This facility has the
capability to provide a time history simulation of the Q and TOPVI• W
Mach numbers (Fig. 2) that are experienced during orbiter .xIVm WCTION HAMM

flight. The tunnel Mach numbers were varied from approxi- raYe.onCIALLv auuium mom

mately Mach equals 0.6 t,- Mach equals 1.3 with dynamic i:-
pressures up to approx .....ely 815 psf to meet the total
objectives of this test program. Tunnel Mach numbers were
controlled by Adjusting the tunnel diffuser flaps to follow the ----- DI--SER LA-PS

desired Q on the panel. Local Mach and Q values varied over I I.,.

the panels; however, the tests were controlled by measure-
ments located on tiles in the center of the tile test area. A
hydraulic shaker system was installed beneath the tunnel test I.tt-PTmM

section (Fig. 3) to provide a dynamic forcing function to the
panel (CLOT 20-A) during the wind tunnel operation. AAN

TEST PANEL CLOT 20-A
Fig. 3- Wind tunnel test configuration for pawel

The CLOT 20-A test panel consisted of a replica section aft of extemal tank to orbiter connection;
of the structure from the orbiter lower forward fuselage just CLOT 20-A
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There was also a large amount of instrumentation to OL30

define the applied static and dynamic loads as well as "•e caNirel
response parameters. To avoid interference between measure-
ments, it was decided to Install load instrumentatioai on the

calibration paneO and response instrumentation on the test W

panel. A picture cf the test panel installed in the wind tunne! FLOW

is shown in Figs. 4 and S. Ft. 6 shows panel tile configura.
tion and instrumentation. The size of the wind tunnel test
section by necessity limited the hize of the CLOT test panels.
As a result, significant lower frequency vibration responses PtFMLW

were not excited by the pressure fluctuations in the f-L."tW L VP

aerodynamic flow, unlike the lower forward fuselage of the •FLIQKT

orbiter, which the test panel purported to represent. If no 6 STATIC PqRIUtM 77 010UMINTATION

further action were taken, the lack of lower freqaency panel it n RwA •S iNTATION

response would cause undertesting of the tiles. The test panel TMO IQ

had a fundamental natural frequency of approximately 75 Hz PN=iRS•T• 34

while the orbiter structure exhibited significant responses DISLACET 4

down to below 25 Hz. mAP•W•,UM LOan S

Fig. 6 - Test configuration for CLOT 20.A test panel

To avoid the undesirable undertest of the tiles, it was
decided to utilize a shaker system to simulate the low
frequency response of the orbiter (Fig. 7). The low frequency
vibration was determined from the vibration response
of a larger forward fuselage panel (FFA-04) in a
reverberant acoustic test and froin modal surveys conducted
on both FFA-04 and Urbiter 101 (see Ref. (1 and 2] ). The
modal data were compared to determine which modes of
FFA-04 were unrealistic, i.e., fixture or facility related,
compared with the orbiter. These responses were then
omitted and a total adjusted rms acceleration (12.5 grins)
below 75 Hz was determined. To avoid double driving the
fundamental mode of the CLOT 20-A panel, which would
already be driven by the wind tunnel environment, the shaker
system was designed to provide excitation up to 55 Hz.

m- *-Because the vibration below 55 Hz provided nonresonant

Fig. 4 -CLOT 20-A installation in LaRC 8 foot TPT loading to the tiles, it was only necessi i to simulate the rms

Fig. 5- CLOT 20-A being installed in LaRC 8 foot TPT Fig. 7 - Hydraulic shaker system Por CLTI 20-A
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acceleration and not necessarily the spectrum shape. (The utilized on all internal tile measurements to avoid a reference
first mode of the tr-i on SIP was expected at approximately pressure tube across the SIP interface. Small wires with a
160 Ha, so redistributing lower frequency vibration had no loop at the SIP interface were utilized on accelerometers and
appreciable effect on their response.) Random vibration was dynamic pressure within the tiles to minimize stiffness
applied by the shaker to duplicate the peak distribution that characteristics across the SIP interface- Eighteen accelerom-
would be encountered in flight. To avoid an unrealistic etert were buried in four different tiles to define total
interaction between the random vibration displacement of dynamic motion. An additional 16 accelerometers were
the panel and the boundary layer, the shaker system input utilized to monitor and evaluate the structural responses.
was limited to frequencies above 35 Hi. This limited panel Four proximity measuring devices were located under one
peak displacement to less than 0.51 cm (0.2 in.), compared tile with small metal targets located on the tile to determine
with a boundary layer thickness of 2.54 cm (1.0 in.). the relative motion between the tile and the structure. The

same tile was also instrumented with internal accelerometers.
The test panel was mounted flush to the floor of the Another tile area was instrumented with load diaphragms to

test section of the 2.44 m (8 ft) LaBkC tran-onic wind tunnel meautre the tensile force between the SIP and the structure.
(as shown in Fig. 3). The test panel was supported by a The calibration of these nine measurements was such that
fixture attached to a hvdraulic shaker, which was in turn moments and normal forces could be determined on that
reacted by a 5.0,000 pound mass supported on air bagps (See specific tile. Fig. 5 shows the instrumentation wiring benetth
Fig. 7.) The fixture was guided by a set of four bearings, the panel prior to installation in the tunnel. A summary of all

instrumentation is shown in Fig. 6.
A bipod was mounted upstream of the test panel

(Fig. 3) to provide the shock and separated flow on the test TESI PANEL. CLOT 20-C
panel in simulation of the orbiter envir3nment. To conduct
each test cycle the tunnel airspeed was increased to a Mach The CLOT 20.C panel consisted of a replica of the aft
number of approximately 0.6. Then the shaker was brought 1.02 m (40 in.) of the orbiter nose gear door (located just
up to fall level and the tunnel cycled up to Mach 1.4 and forward of the bipod). biped (reduced to half sie), and
back to Mah 0.6. Then the shaker and air flow were shut associated tiles and fuselage structure between the bipod and
down. This cycle produced the desired Mach number versus door. (See Fig. 8.) The biped was movable from apprxi-
Q curve shown in Fig. 2. Because only one test panel is
exposed to the combined wind tunnel and ihaker loads, some armtely S.1 cm (2 in.) upstream. (neser to the panel) to

accounting must be made for the statistical scatter in fatigue approximately 25.4 of (10 in.) downstream. This allowed

life that might have occurred if several panels had been for proper location of the compression shock on the test
specimen. The highest shock load was predicted to occur atobstrd. Using the precedent sct by DOD in Reof 43b, the Mach 2.4. but the tunnel was only capable of providing

orbiter contract specified that a scatter factor of 4 be used Mach 1.4. Proper shock strength was controlled with tunnel
for fatigue.type loading on one specimen, thus four exposure Q conditions, and shock location was controlled with biped
cycles were determined to constitute one flight mission. s andltion.size and location.

Instrumentation for the CLOT 20-A test and calibration
panels consisted of static pressures, dynamic pressures, strain
gages, acderometers. deflectometers, and load measuring
diaphragms. Each panel had in excess of 200 measurements
that were recorded on either FM tape or digital computer. AIn FLOW

The calibration panel that was used to establish the
desired wind tunnel operating conditions was instrumented
with surface dynamic pressures (94) and surface static ..- VEW

pressure measurements (28). In addition, 25 static pressure MALw NM 8- WaL$AND CULINm
measurements and 10 dynamic pressure measurements were
located beneath and between the tiles. Six additional rit
dynamic pressures were Potted inside the one real tile located
on the calibration panel. Fifteen strain gages were located on I E ]
the structure to monitor and evaluate the surface strains that
contribute to SIP/tile loadings. Sixteen accelerometers were AIR FLOW st 11111E 10
also located on the structure to evaluate the dynamic
response.

The test panel was instrumented with 28 surface • w
dynamic pressure and 28 static pressure measurements. An FLOOR PLATP05 VIE

additional S0 static pressure measurements and 21 dynamic
pressure measurements were made beneath, between, and Fiq. 8- Nose wheel door panl test conjfigration;
inside the tiles. Absolute dynawic pressure instruments were CLOT 20.C
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tunnel and to verify aerodynamic shock locations and shock
strengthL During this phase a procedure to position the
bipod was developed to maintain the shock at its proper
location. During testing the tunnel was cycled through a
Mach number range, similar to that used for CLOT 20-A, so
that the shock strength and location duplicated that
predicted for the orbiter in flight.

Instrumentation for the CLOT 204C test panel consisted
of static and dynamic pressure gages, strain gages, and
accelerometeis (approximately 130 total measurements).
These were recorded on either FM tape or digital computers.
Nineteen static pressure measurements were located around
or on the test specimen while an additional 44 were mounted
beneath and between test tiles to determine loads. Twenty-
four dynamic pressure g"ges were located around the
perimeter or on the test specimen, and 16 additional were
mounted beneath in the SiP and between the tiles. Two tiles

Fit. 9- CLOT 20-C ibstdation in LaRC 8 fiot wr were instrumented with seven accelerometers each, which
were potted internally to measure tile response in six rigid

The CLOT 20-C doors were constructed from 10.16 cm body degrees of freedom. Eight accelerometern and four
strain gages were located on the structure to monitor(4 in.) thick aluminum honeycomb. To this were bonded structural response.

skewed densified tiles of approximatAy 15.34 cm by
10.16 cm by 4.45 cm (6 in. by 4 in. by 1.75 in.). using flight A flight-type microphone wss also installed that
vehicle installation and inspection procedures. Eleven tiles protruded through the tile and was aush with the exterior

were made of 22 pet silica and bonded on 0.229 cm porddtruhtetl n a ls ihteetro
(0.090 in.) SIP. Ten tiles were made of 9 pcf silica and surface of the tiles. Also a flight-type pressure measurement(0.00 i.) SP. en ileswer mad of9 pf siicaand was installed beneath one test tile in SiW.

bonded on 0.41 cm (0.160 in.) SIP. This test panel was also
mounted flush to the wind tunnel floor. Foam tiles covered TEST RESULTS - CLOT 20-A
the remainder of the panel. Pigs. 8, 9, and 10 show the test
setup and instrumentation. Because of the rigidity of this Worst-case aerodynamic flight environments for the
panel, only the aerodynamic shock presented a loading lower forward fuselage aft of the bipod were conservatively
problem to the tiles. Predicted vibration levels for the doors simulated in the CLOT 20-A test. The TPS demontrated the

iring flight were low, thus eliminating the need for a shaker ability to withstand these environments without serious
to simulate low frequency loading. A wooden calibration
panel was installed prior to the test panel to calibrate the degradation or damae

UPIl~s vThe first Shuttle flight, STS-1, followed . relatively
mC0,011401 benign trajectory. The maximum dynamic pressure was
STATIC limited to 610 paf. This was well below the maximum Q of

N.Is" I .3 775 psf used in the CLOT 20-A tests. it is expected that
ovwMfC future flights will approach these higher dynamic pressures.

ST AIN 4 Because of the difference in Q between CLOT 20-A and
ACULRAYTM STS-1, comparisons between test panel and flight vehicle

' dynamic responses should be scaled by the di.crence in Q of
so 2.3 da As can be seen in Fig. 11, the STS-I acoustic data

WI,-C ýTI would agree with CLOT 20-A above 65 Ha if it was adjusted
by this 2.3 dB difference. CLOT 20-A would show some
conservatism below 65 His; however, if a flight microphone
on the orbiter had been located closer to the region
represented by the CLOT 20-A test band, some of this
conservatism may have disappeared. Fig. 12 shows a distribu-
tion of dynamic rms pressures over the CLOT 20-A panel.

9PCF 0I These are consistent with predicted value from IS-2 model
2I PCF DMIaFIn asm su tests of approximately 164 dB for this ara.
oIr DSUFISO -,IPI SIP

UOA PAIRING PC; DIRECT
NM The CLOT 20-A control point was at approximately

X0450 and the STS-1 microphone was at X0500. A typical
Fig. 10 - Test configeration for CLOT 20-C test panel structural vibration measurement on the CLOT 20-A panel is
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ISO " CLOT Ml A

inll I

Fig. 1I -Surface acoustic -vels for CLOT 20.A

versus 5T$-I and predicted (I$-2) Fig. 13 - Panel vibration response for CLOT 20-A
versus S-I

crack areas between tiles than on surface areas. This erosion
was not considered a serious problem because this type of
anomaly can easily be found by inspection and the tiles
replaced before any danger exists. Fig. 14 shows a picture of
these surface chips on the CLOT 20-A test panel after

S... 1  s 1 25 missions. Because chipping is not a fatigue phenomenon,
140.2 AIR the 100 cycles (25 missions) would most likely represent 100

MI11 I n -rissions as far as chipping and erosion were concerned.

TEST RESULTS - CLOT 20-C

The test environment for this test panel was adequately
a -t oE: MICRMOS duplicated, as shown in Fig. 15. IS-2 model test data were

utilized as a criteria in addition to other calculated aero
Fig. 12- RMS pressure distributions panel aft of bipod; parameters. Fig. 15 presents the IS-2 model data and one

CLOT 20-4 STS-1 flight data point that compare favorably with the
CLOT 20-C environment. Again, it should be noted that the

shown in Fig. 13 along witi an STS-1 measurement from a STS-1 flight maximum Q was low.ar than nominal, which
similar location. The CLOT 20-A response below 65 Hz was would have the effect of lowering the one flight data point.
primarily from the excitation .t- pplied by the shaker system,
while the response above 65 Hz was primarily caused by the
aerodynamic environment. The STS-1 vibration data should
also be scaled up by approximately 2.3 dB, as previously
explained, for comparison to CLOT 20-A. This w uld still
show conservative responses except in the 100 Hz to 130 Hz
range; however, as mentioned previously, only the rms value
below the first mode of the tile at 160 Hz is considered
important. Comparison shows that the CLOT 20-A rms value
beluw 160 Hz exceeds that for the orbiter in flight when
scaled for Q.

The structural integrity of the SIP and tiles were verified
for 25 missions under the conservative test conditions.
Additional testing was not considered useful since the tiles
and SrP were not being exposed to other environments such
as moisture and heating. The tile surface roughness (step and
gap) remained essentially constant after the first mission
(four cycles). Some chipping of the tile coating did occur
following the first mission and some erosion of the tiles did
occur in these areas. Erosion appeared more severe in the Fig. 14 -CLOT 20-A after 25 missions
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CONCLUSIONS

.V SAIN. The test program met the major test objectives in thatS1.0 171 IN no tiles were lost and that surface roughness remained within

S-/ "STATIC PRHEMN~ E limits required for thermal entry requirements. All test levels
1 -d /f o ov-0IN. were considered adequate or conservative. The additional

S/ I, data obtained from this test program to support analysis and
3 IU-5 / math models have been in part reviewed by various

* Ii0• ,•ami disciplines and in general have verified that the math models4 - J'0 -1 PRESSURE. M • 2.10
, 4 in -s have predicted conservative loads. These data are still being

a 0- TSI Pl
0 %0 9 PLA umn. I - 2.10 utilized in developing and verifying analytical approaches to

6.2 -i5 doi 0 YOKE FVMT PACE certifying the TPS system.
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SPACE SHUTTWE MAIN ENGINE DYNAMICS

VIBRATION MATURITY OF THE SPACE SHUTTLE MAIN ENGINES

Edward W. Larson and Earl Mogil
Rockwell International/Rocketdyne Division

Canoga Park, California

The initial structural design of the Space Shuttle Main Engine was capable
of withstanding all known shock and vibratory loads to be encountered dur-
ing its useful life. However, during the development stage, some unexpected
dynamic loads were uncovered that required redesign. The successful incor-
poration of the knowledge of shock and vibration loads gained during the
development of these engines led directly to the first successful flight,
and will ensure future successful flights of the Space Shuttles. This
paper is a review of the development of the Space Shuttle Main Engine zonal
vibration criteria, laboratory vibration tests using zonal criteria to veri-
fy life of engine components, and the resolution of unexpected structural
problems in turbine blades and in the main injector liquid oxygen post due
to hot-gas flow. Hardware modifications were made to resist the dynamic
loads associated with the vibration environments and the hot-gas flow phen-
omena until long lead time redesigns could be incorporated. This experience
and knowledge will add to the data base of information useful to the design
of future liquid rocket engines.

INTRODUCTION the resonant amplification of the
stresses. Laboratory testing of the

The Space Shuttle Main Engines (SSME) were turbine blades and complete wheel assem-
designed and developed by the Rocketdyne Dlvi- blies with-blades rotating at full speed
s ion of Rockwell International under contract to were utilized to optimize the damper
NASA's Marshall Space Flight Center. One of the design.
many essential aspects of the design is to pro-
vide structural adequacy to withstand the numer- 4. Liquid oxygen (LOX) posts in the main
ous shock and vibration loadings and still main- injector had been designed with spoilers
tain a light, flightweight configuration, to eliminate vortex shedding as an in-
Therefore, it was essential that shock and put load. However, an unexpected comn-
vibration loads be considered part of the struc- bination of separated flow, mechan-
tural dynamic effort in four areas that were in- ically induced vibration, and acousti-
fluenced by dynamic considerations during the cally induced pressure oscillations
development phase of the program and changed the combined to cause fatigue failures.
structural configuration of the engine: LOX post shields and a change in mate-

rial were used to provide an interim
1. Development of zonal vibration cr1- fix to meet the immediate flight

terla--initially, criteria predictions requirements.
were ba:ad on previous rocket engine
experience and subsequently modified ZONAL VIBRATION CRITERIA
as actual SSME test data became avail-
able. The initial design of the SSNE accounted

for certain expected vibration environments
2. Design verification specification (DVS) based on the experience gained in the design and

test programs that identified weak- development of engines for the Saturn program.
nesses In a few components that did not Of particular Importance was the knowledge gained
lend themselves to detailed structural from the J-2 engines that used the LOX/hydrogen
analysis. as propellants. Recognizing that the vibration

levels generated by liquid rocket engines are a
3. Analysis of the high-pressure fuel function of many variables, the Initial criteria,

turbopump (HPFTP ) turbine blade that Jointly agreed upon by Rocketdyne and NASA, was
was extended through the use of 3-D based on an extrapolation of all available data
finite element modeling and e.ýp'dri- using the Barrett* relationship. This accounted
mental analysis. This analysi; was________
used to explain airfoil cracks that *Barrett, R. T.-, Techniques for Predicting
were appearing, even though vibration Localized Vibratory Environment of Rocket Vehi-
dampers were Incorporated to control cles, NASA TN D-1836, October 1963.
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for the more important known variables, such as Response zones contain passive components,
thrust, weight, exit gas velocity, etc. such as valves, actuators, and sensors. To date,

14 respouse zones have been specified and they
Vibration Zones are designated zones J through W (Table 1).

Vibration zones were established as a means The zonal vibration criteria were developed
of describing the vibration environment experi- by acquiring hot-fire test data and enveloping
enced by various components in different areas the maximum random vibration levels across the
of the SSME. The zonal -ibration criteria spe- 20- to 2000-Hz spectrum. Where turbomachinery
cified for these zones consisted of random vibra- generated sinusoids appear above this random
tion power spectral density curves augmented by floor, superimposed sinusoids are utilized to ac-
superimposed sinusoids; a typical criteria is count for them.
presented in Fig. 1. These criteria are uti-
lized any time the dynamic environment for a Source Zones
given component is required. Principal uses are
analytical model excitation forces and vibration Evolution of the SSME zonal vibration cri-
input during laboratory tests. teria followed the growth of the SSME from early

design phase through rated-power levil (RPL) de.

0.0nooo' velopment (initial hot-fire tests, RFL operation,
and flight certification) to current effort of

HPFTP full-power level (FPL) development. The process
4 1.00000 SYNCH -f updating, as new data became available, en-

-red that the most recent knowledge of the en-
Svironment was being used to verify the design--

0.I0000 whether analysis or by test.

w1 A typical example of the initial zonal vibra-
0 'tion is shown in Fig. 2. The basic characteris-

o0.01ooo tics include a random base level that varies in
intensity across the frequency range from 20 to

b IRI
Q 0.000100 10 .. .00

a -- ORIGINAL

0.00001 RADIAL. R2
00 lo o .10

FREOUENCY. Hz

Fig. 1. Typical SSME zonal vibration criteria j 0.01

The SSME vibration zones have been divided
into two categories--source zones and response 0
zones. Source zones contain the major areas of FREQUENCY, Ha

vibration generation and include all turboma-
chinery and combustion devices. In all, nine Fig. 2. Typical zonal vibration criteria
source zones bave been defined and they are des-
ignated as Zones A through I (Tah'd 1).

Table 1. SSME Zonal Vibration Criteria Source and Response Zone Designations

Source Response
Zone- Contents '0i1 Contents

A Main Combustion Chamber (NCC) J. Main Fuel Valve (MFV)
a MCC Throat and Engine Controller K Main Oxidizer Valve (+tOV) and Actuato.
C Thrust Chamber Nozzle L Pneumatic Control Assembly
D Oxidizer Preburner M Chamber Coolant Valve (CMV) and Actuator
E Fuel Preburner N Fuel Preburner Oxidizer Valve (FPVV)
F Low-Prjss%!re Oxidizer Turbopump (LPOTP) 0 Oxidizer Prebirner Oxidizer Valve (OPOV) and Actuator
G Hijh-Pressure Oxidizer Turbopump (HPOTP) P Oxidizer and Fuel Bleed ValveE
H Low-Pressure Fuel Turbopump (LPFTP) Q Vehicle Attach Panel
I High-Pressure Fuel Turbopump (HPFTP) R Pressure Sensors

S Anti-Flood Valve
T Check Valve

U Not Used
V Pogo Accumulator and Valves
W Turbine Temperature Sensors
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2000 Hz, plus superimposed sinusoids that are produced by the engine. The original Ri and R2
functions of specific phenomena such as pump criteria for this zone are compared in Fig. 2.
blade wake frequencies (npeed dependent) and
combustion frequencies. Some minor revisions to the R2 criteria have

been mad-ý since its publications. Each time re-
The first engine, known as Integrated Sys- visions are made, the designation is also changed.

tems Test Bed (ISTB) was first hot-fire tested The next revised criteria will be designated as
in May 1975. Many early ISTB tests were of very R3. Both low pressure turbopwnps exhibited in-
short duration and only at lower power levels, creased vibration sp~ectra during operation when
By January 1977, a limited amount of data had operated at low Inlet pressures. Thus, special
been acquired at power levels between 85 and 95 criteria for these two zones were generated to
percent RFL. These data were used to issue a describe these special environments, and the
revision to the original source zone criteria, structural adequacy of the affected hardware was
This revision identified as the "interim" or verified by a combination of analysis and strain-
"Rl1" criteria utilized Barrett's scaling tech- gage measurements made during hot-fire tests.
niques to ratio these lower power level data to
projected RPL and FPL levels. This Rl criteria This revision process used during the SSt4E
produced levels generally lower than the origi- development program has provided an accurate and
nal estimate criteria in the lower frequency timely source of vibration information data for
ranges, essentially equal in the middle ranges, the nine source zones, which in turn, has been
and slightly higher in the upper frequency utilized to demonstrate the structural dynamic
range. The structural dynamic adequacy of all adequacy of major SSME components.
major SSME components was verified by analyses
utilizing these RI criteria. Response Zones

As flight configured SSME engines were The vibration response zones differed some-
tested and data gathered, a second revision what from that of the source zones in that an
C'112" criteria) was published in October 1978. initial prediction was not made. Hot-fire data
This revision was based on a larger data base was acquired from early engine tests to support
including many tests on different components, laboratory tests and special analytical tasks.
engines, and test stands. This large data sample Where only limited amounts of data were availa-
increased the confidence in the criteria as the ble, conservative envelopes were used to ensure
likelihood of any one factor (engine, test stand, that valid results were obtained. However,
etc.) significantly biasing the data was signi- analytically predicted criteria were generated
ficantly reduced. Engine operation during these for the main propellant valve actuators during
tests ranged between 70 and 100 percent RPL. the design phase of the program. These criteria
These data were closely enveloped using the maxi- were used by the actuator vendor to vibration
mum random vibration vibration levels in conjunc- test the actuators prior to ISTB hot-fire testing.
tion with superimposed sinusoids to establish
the best estimate of .-PL environments. The ori- As hot-fire test data were acquired, cri-
ginal RI and R2. criteria for a typical zone are teria were generated for the components shown in
compared in Fig. 2. This figure shows how the Table 1. In w~any instances, criteria were gen-
random vibration levels have been generally low- crated for both the vibration input to a given
ered wich each revision, which indicates the component as well as the response at a given
conservatism in the original estimates of the location on the component. These data were used
vibration environments. As had been done with primarily to ensure valid vibration testing in
the previous revision, the structural adequacy the laboratory, where it is frequently difficult
of all major SSME components was verified by to duplicate component boundary conditions as
analyses using the R2 criteria. These criteria seen on the engine. As new data were generated,
did not utilize the Barrett technique for scal- criteria were updated only when the validity of
ing the 100 percent RPL data to projected FPL existing criteria was in question.
levels, as was done in the previous revisions.
Experience with the Rl criteria had shown that FPL Data Comparison
rocket engine component random vibration levels
do not scale with power level, and therefore All existing criteria were based on data
this technique was not considered suitable for taken at a maximum of 100 percent RPL operation.
use with the latter criteria revision. Full power level (109 percent RPL) development

of the SSME has recently been undertaken and new
Inspection of the nine source zones in- data a 're being acquired and compared to the ex-

cluded in the R2 criteria shows the highest isting source and response zones. To date, only
vibration levels to be found in Zone C. This is minor increases over the established level for
to be expected since it is adjacent to the lar- RPL have been noted.
gest source of energy, the combustion zone,Fiue3(oeGshwatycl Ppwr

spectral density ( PSD) compared to the R2 cri-
teria. The data are clearly below the criteria

*Barrett, R. E., Techniques for Predicting throughout the spectrum. The spikes protruding
Localized Vibratory Fnvironment of Rocket Vehi- through the random floor are covered by
cles, NASA TN U2-1836, October 1963. sinusoids.
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H 5. Impellers

6. Vortex shedding and random excita-
tions of main injector LOX posts

... .-. -.. .7. Sheet metal fatigue

•II Some of the more significant vibration phenomena-:_• ::....rf::.•;•L-:: 4 - that generated problems during the development
testing will be discussed in a subsequent
section.

I ......-.. .i.: . :;:: SSME DVS VIBRATION TESTING

PRICI'M'NCY. NoTo ensure that the SSME major components
can withstand the vibration environment asso-

Fig. 3. Zone G HPOTP vibration criteria ciated with long term reusable operation, DVS
tests were conducted. This included both .he

Figure 4 shows Zone D, where the data ex- transient and steady-state vibration environ-
ceeds the R2 criteria in specific frequency ment generated during ground handling and flight
bands. If subsequent FPL tests produce similar operations.
PSDs, the R2 Zone D criteria will be revised
for final FPL use, such as design verification Components tested during the DVS vibration
specification (DVS) testing or analysis. It is program included those components that would not
important to note that the Rl criteria in most be analyzed in significant detail to verify that
cases covered the FPL levels; therefore, the adequate life was available when subjected to
structural adequacy of engine hardware based on the transients and steady-state vibration condi-
analysis using Rl levels is not in question. tions. These components typically contained mov-

ing parts that were subject to wear, electronic
systems, nonlinear elements and/or those compo-

. . nents too structurally complex to adequately
. .. .... .. .. ' .. ............... ...... model (multi-ply bellows or braided hoses).

In I "sic Table 2 lists the components that were tested in
...... the DVS Program.

: Table 2. Components Tested in the DVS Program

0 PROPELLANT VALVES 0 ENGINE - VEHICLE INTERFACE
. ........ .AIN OXI.IZER LINES (6 BRAIDED HOSES)

. ... ............... . .. A . MAIN FUEL 0 ANTI-FLOOD VALVE
* OXIDIZER PREBURNER OXIDIZER

14111 3111 a 0 FUEL PREBURNER OXIDIZER * PNEUMATIC CONTROL ASSEMBLY
FREQUENCY. me * CHAMBER COOLANT 0 PURGE CHECK VALVES

* PROPELLANT VALVE ACTUATORS 0 PRESURMER SPARK IGNITER

Fig. 4. Zone D oxidizer preburner * MOV/MFV M NCC SPARE IGNITERvibration criteria • OPOV/FPoV 0 ENGINE CONTROLLER

* POGO SYSTEM VALVES 0 FASCOS BOX
* RECIRCULATION ISOLATION 0 ENGINE SENSORSThe complete SSME zonal vibration criteria * HELIUM PRECHARGEis not given in the paper as it would be too 0 GASEOUS OXYGEN CONTROL 0 PRESSURE

voluminous. * ENGINE FLEX JOINTS TEMPERATURE

* LPFTP PUMP DISCHARGE B SPEED
F FPFTP TURBINE DISCHARGEVibration Considerations Not Accounted for * OXIDIZER TANK PRESSURIZATION LINE * ELECTRICAL CONNECTORS

by the Zonal Criteria Fu* LPOTP PUMP DISCHARGE
* FUEL BLEED LINE

Whereas the zonal criteria was extremely
useful in designing the overall engine system,
fuel ducts, connections, etc., and establish- The vibration environments for the DVS
ing the requirements for the design verifica- vibration program were derived from measurements
tion tests, it could not ensure freedom from made during engine hot-fire tests. These cri-
other vibration phenomena, such as: teria and their development were discussed

earlier in this paper. The criteria represents
1. Subsynchrorlous whirl - turbopumps test conditions of engine power levels from 65

to 109 percent of rated thrust. Individual power
2. Hot-gas, flow-separation instabili- spectral density data plots were obtained at each

ties - fuel feed line transient power level, combined and subsequently enveloped
vibrations to define the steady-state vibration environment.

3. Flow-induced whistles - main oxidi- To obtain the transient conditions, shock spec-
zer valve tra analysis was performed for the engine start

and shutdown sequence and used to define the nec-4. Turbine blade vibration and cracking essary shock tests to satisfy the DYS requirements.
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Test Procedure therefore, it was hard mounted in the labora-
tory vibration tests. Results indicated that

DVS vibration tests were conducted in two the attachment fittings could not survive the
segments. Initially, testing was conducted to long-term. high-vibration environment. Galling
satisfy First Man Orbital Flight (FMOF) certifica- of the shear pins and the spherical bearings
tion. This testing consisted of transient shock were evident early in the test (Fig. 5). Also,
tests representing 60 engine starts and 60 engine it appeared that the electronic components in
starts and 60 engine shutdowns, plus 1-1/2 hours the controller would not survive the high
of steady-state random vibration representing en- level of transmissibility through the hard
gine operation at power levels between 65 and mounts. Therefore, a soft viscoelastic mount
102 percent of rated thrust. The second part system was designed for the controller. The
consisted of extended life DYS testing for full design constraint was that the position of
power level certification (FPLC) consisting of an the controller relative to the engine should
additional 6 hours of steady-state vibration to not change, i.e., the envelope would remain
demonstrate a total of 7-1/2 hours design life the same. A quick review of "off-the-shelf"
required by the SSI4Es. This latter testing in- isolator mounts revealed that bushing type mounts
corporates any vibration amplitude changes asso- such as those used by off-road vehicles could be
ciated with operation at 109 percent power level acconmmodated in the envelope. These off-the-
(FPL). A typical DVS vibration test procedure shelf units were initially evaluated and later
consists of: a high-temperature silicon compound isolator

mount of similar configuration was developed
9 Vibration and shock tests of the cam- to be used for final application (Fig. 6). The

ponents on each of three orthogonal axes test setup is shown in Fig. 7.
in the following sequence:

Figure 8 shows a comparison of the control-
* A 2-g peak sinusoidal sweep test to ler responses with or without the shock mounts.

determine specimen resonant frequencies Subsequently, the SSME controller passed all
specified shock and vibration requirements suc-* 120 transient shock spectra pulses to cessfully. The design of the mount system pro-

simulate the 60 engine starts and 60 vided a natural frequency between ZO and 40 Hz
engine shutdowns

* 1-1/2 hours of steady-state random
vibration is conducted with super-
imposed sinusoids representing vibra-
tion components generated by the
rotating machinery to demonstrate the
required FMOF operational life; there
are four turbopumps on the SSME.

* Finally, 6 hours of steady-state random
vibration is conducted with super-
imposed sinusoidal frequencies to
demonstrate component stability to ful-
fill the original 7-1/2 hour design
life goal.

Fig. 5. Controller forward bolt showing
The superimposed sinusoids during the 1-1/2 hour galling after vibration
random vibration test are performed to cover the
conditions that represent engine throttling and
represent pump-generated frequencies. These
sinusoids are caused by pump blade wake condi-
tions, struts in the flow path, and turbine
blade pulsations.

Failures and Fixes

One of the derivatives of the DVS Program
was identifying weaknesses in component de-
signs. During the DVS vibration program weak-
nesses were encountered with the main engine con-
troller, the recirculation isolation valve (RIV),
and the anti-flood valve (AFV).

Controller. Early in the program, the main en-
gine -controller was subjected to a predicted
random vibration environment of 22 g rms. This Fig. 6. Controller silicone isolator
controller was to be hard mounted on the SSME; mount
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DVS TIST INPUT

." ...... ..... ." - : Ilk 0.100 ENGINE TESTS.. .. •• ... " " -:Z-- •• • •-• ----- I"INPUT AT 75% RPL-0 9At2 G
CONTROLLER RESPONSE

00 

0 o a RMS

Fig. 7. SSME controller mount on vibration FREQUENCY.Ha

slip table Fig. 9. Controller vibration data - engine
100 hot-fire test

A malfunction of the recirculation isola-
tion valve (Fig. 10) occurred during the DVS
vibration program. The armature extension of
the linear variable displacement transducer

(LVDT) failed during random vibration portions
t10. NO I, OLATOR of these tests as shown in Fig. 11. A redesign

of the armature with an improved radius was in-
corporated at the high stress concentration
point, and the unit subsequently passed its DVS
vibration successfully.

10IOLATOR

6 10 100 500 lo 5000
FREQUENCY, Hz

Fig. 8. SSME controller with and without
isolators - laboratory sine sweep
tests

in the soft axis. In the cross axis, the stiff-
ness was to be twice the soft axis. The first
resonant design verification of the effective-
ness of the controller isolator system shown in
Fig. 9 displays the DVS random vibration criter-
ia, the engine measured environment (at 75 per- Fig. 10. Recirculation isolation valve
cent power level) and the controller response on
the engine. As can be seen, the laboratory
tests, when data is enveloped, is quite conser-
vative.

Recirculation Isolation Valve. The recirculation
isolation valve (RIV) prevents a "short circuit"
(through the Pogo accumulator) in the engine oxi-i M I-i
dizer system during the propellant conditioning
mode of engine start preparation. The normally 4
open RIV is actuated closed by the same pneumatic . 4 . 7 a 4 6 , 0 9 .
pressure that opens the normally closed oxidizer
bleed valve.

Fig. 11. LVDT extension arm fracture.
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Anti-Flood Valve. The anti-flood valve (AFV) is total of 2973 seconds of operation. Examination
a spring-loaded, normally closed poppet type of the hardware revealed that the nickel plating
valve that prevents the flow of liquid oxygen on the damper had extruded radially outward, as
into the heat exchanger until there is suffi- illustrated in Fig. 13. It was postulated such
cient head applied to the heat exchanger during that the nickel effectively locked the blades
engine start to convert the liquid oxygen to together producing a condition similar to that
gaseous oxygen. incurred on the prior unit.

The anti-flood valve LYOT developed an
electrical connector feed-through malfunction EXTRUDED NICKEL
during vibration testing, which was analyzed
to be due to poor potting compound (Fig. 12).
An improved potting compound and application
technique was utilized to correct this weak-
ness. In addition, support was provided to
the attaching wire, and the valve subsequently
passed its DVS vibration test successfully. K

Fig. 13. HPFTP turbine blades

The third failure occurred after 4325
seconds of operation and a total of 21 tests.
Extensive hardware damage precluded actually
identifying a blade failure as a cause.

Fig. 12. Heat exchanger anti-flood valve To identify the cause of the turbine fail-
ures, first-stage blades were subjected to

HPFTPTURBNE BADESblade evaluation laboratory tests consisting
PThe TURiNhpesue BLADESopm (PF)i of structural, dynamic, and fatigue tests.

The ighpresurefue turopup (HFTP isA unique test technique known as whirligiga three-stage centrifugal pump that is directly testing* was utilized to study the effectivenessdriven by a two-stage, hot-gas turbine. The of dampers in the turbine-blade critical modes.
pumprecive ful fom te lw-pessre uelThis test technique utilized the actual rotatingturbopump (LPFTP) and supplies it at increased blade disk combination, instrumented with strain

pressure through the main fuel valve (MFV) to ggsadectdb eisadarjttthe thrust chamber assembly coolant circuits,.ae n xie ya eisadarjtt
Thetubin i pwerd y ht as(hydrogen- force the frequencies expected during engineThe urbne s pwere byhotgasoperation. A comparison was made of the modal

richstem) gnerted y te ful peburer.strains of each damping system for each excita-
Dur~g 177, ocktdyn enountredtwotion frequency under identical force excitation.

known incidents of HPFTP, first-stage, turbine- A upto hstsigtcnqepoue
blade cracking aid a third probable incident. Campbell diagram directly, requiring only a cor-
The commnon denominator between the incidents rection to engine operating temperatures.
and the suspected failure cause was loss of
turbine-blade damping. In the first incident, Test Program (Whirliagi ). The RocketdVne test
the turbine blades had nickel-plated dampers program consisted of five different blade-damper
and gold-plated blade platform mating sur- combinations:
faces. During operation, an "over-tempera- Group
ture" condition effectively brazed the dampers No.
to the blades producing a locked-up condition. "T No damper
Two cracked blades were discovered during
posttest inspection. The unit had experienced 2 As-designed damper, 0.92-1-.14 grams
8 tests for a total of 330 seconds of opera- 3 Platforms brazed together (locked-up
tion. The two failure locations were an air- .blades)

foii root leading edge fillet crack and a
trailing edge airfoil crack approximately 1/3 4 Precision damper, 0.52-0'.54 grams
the blade height from the airfoil foot. 5 Chem-milled damper, 0.51-0-.67 grams

During the second incident, the turbine________
blades had nickel-plated dampers but no gold *Developed through the assistance of the General
plating on the blade platform mating surface. Electric Corporation, Jet Engine Division,
The blade failure occurred after 38 tests and a Cincinnati, Ohio.
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The layout of the blade groups is shown in Fig. Since the whirligig provides only comparative
14. A total of 48 strain gages and 2 thermo- data, only the strains within a particular test
couples was applied to the five groups of blades. may be compared. Additionally, the strains
Each blade type was in 2roups of -12 blades should be compared only for common harmonics of
with only the center five blades being instru- the forcing function.
mented. Each instrumented blade had a strain
gage in two of the four following locations: The test program consisted of 4 test runs.

The initial test run utilized 19 nozzles as ex-
1. Leading-edge airfoil root citation and was performed to limit the maximum
2. Trailing-edge airfoil root rotational speed to 28,000 rpm. The 19 per

revolution excitation did not correspond to any
3. lHidchord airfoil root known engine forcing function, but was selected
4. Trailing edge 1/4-inch upward from air- to excite the blade first-frequency at a low-

foil root rotational speed, thus permitting a check of
the rotating assembly and to give maximum in-
formation. The principal modes of vibration
excited during this test were the first-bend-
ing mode and first-torsion mode. A comparison
of the relative amplitudes of strain for the

The gage locations were governed by three five test groups for the various harmonics of
considerations: the forcing function is shown in Tables 3 and

4. The first-bending mode strains clearly
1. Known failure locations during engine indicate that the locked-up blade configura-

testing tion (Group 3) is the most responsive. This
is consistent with both analytical predic-2. Locations that would provide a signifi- tions as well as the hypothesis that the

cant strain level for the maximum number turbopump failures were due to locked-up
of natural frequencies. The relative blades.
strain levels were determined experi-
mentally by vibrating instrumented
blades in the laboratory at each of The various damped configurations, as
their frequencies well as undamped configurations (Group 1) are

not separable, although Groups 2 and 4 seem3. Locations with mall strain gradients to be somewhat better than Group 4.such that the strain gage posititon was
not critical

;AIRI OOL COATED

TO PLATFOIN R&D TEST DAMPER

OAS GRAM. CHIM4TCHED
0LAIRFOIL COATOA TO

A!CENPLTOMS DPLAT FORM

TUlMIN WHEElIL C

BASLELINE B, DAM NLAD LOCATIONS a, NUMERE -.7
SEPTA)OCNT!NCLOC r *1l2EO Q.- C"

|*1.0 GRAM MTN FROM TURGINE SIDE OF (9"
IFULLY COATIO TlURII, UM,

CRAZElD TOGETlrHER) *0.GRMwITrH JLoTTEDO

HI-,. M GLAEE

0 AIRFOIL COATED TO R ROKIE1 HITSC STRAIN. A AROIL COATED TO
PLATFORM T THERMO] GADED a PIATPORA

CUPLE
ROCKETOYNE STRAIN.
GAGED SLADE 4MAXIMUM CHORD. SP ,ARE
LEADING-TRAILING EDGE) A - PARE THERMOCOUPLE

NOTE: ADJACENT @LADE8 IN TEST GROUP WILL CE M - MIDPOINT
IDENTICAL EXCEPT FOR STRAIN GAGING

Fig. 14. First-stage wheel blade/damper assignment
whirligig testing
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Table 3. First-Flex Mode Strains (Test 1) The second series of tests was run to
38,000 rpm and utilized 13 nozzles as excita-
tion. This was representative of the 13 struts
upstream of the first-stage nozzle in the tur-

GROUP 1ST HARMONIC 2ND HARMONIC bopump. These tests showed response at the
1 30 first harmonic of the 13 per revolution exci-

tation for the first-flex mode. The undamped
2 4 9 configuration showed a discernible strain
3 ___86 about 105 iiin./in. peak to peak and all damper
4 10 6 configurations were effective in suppressing

this mode.5 33 26 j
"A summary of the measured strains for the

various configurations for the first-torsionalTable 4. FIrst-Torsional Mode Strains (Test 1) model is shown in Table 5. The maximum strains

generally occurred on the trailing edge.
STRAIN. IN.JIN.

HARMONIC Table 5. Turbine Blade Strains Due to First-
Torsional Mode

GROUP 2 3 4
1 60 90 48_ HARMONIC
2 70 i5 48-
3 127 82 27 GROUP 2 3

4 43 17 122 421 211

5 64 14 8 2 263 126

3 ....
The second harmonic of the forcing function

exciting the first-torsional mode also indicates 4 305 2W
that the locked-up configuration (Group 3) is
the most responsive. Higher harmonics indicate 5 300 205
little difference between the damped configura-
tions, but all are superior to the locked-up
and undamped configurations. The result of the torsional mode strain

data was similar to Test 1, showing that the
The torsional mode was particularly respon- damper is relatively Ineffective in damping the

sive because of the method of excitation. The torsional mode.
disk was rotating in the normal direction with
the gas flow being directed against the suction The final test series utilized 41 nozzles
surface of the airfoil on the trailing edge. simulating the number of nozzles in the actual
The imparted force from the gas jet produces a design. The test served to indicate that
torsional moment about the airfoil cross section there were no unexpected responses to this
center of gravity (Fig. 15). high-frequency excitation.

The method used to present the data
Ggathered from the whirligiq testing is illus-GAs JET •rated in the Campbell diagram (Fig. 16). The

Campbell diaS-am presents a plot of blade fre-
quency vs shaft speed and the blade strain

" " CENTER OF GRAVITY response. The natural frequencies of the
blades are shown by the almost horizontal ap-
pearance of the data and the frequencies of
the forcing functions are clearly evident by

VELOCITY the diagonal lines. At the intersection of
these lines, the high amplitude of the strain

Fig. 15. Relative force on turbine blade response is easily observed. Most importantly,
this diagram forms the basis for interpreta-
tion of similar diagrams obtained during

The conclusion from the first test was that turbopump operation during engine tests (Fig.
the locked-up platform was the most probable 17).
cause for the engine turbine blade failures.
However, the relative merit of the various dam- The multiples of shaft speed exciting the
per configurations could not be assessed from blade during turbopump operation are shown in
this test. Therefore, testing at higher rota- the right margin of Fig. 17. These multiples
tional speeds with nozzle excitation consistent of shaft speed are expected excitations asso-
with turbopump operation was required. ciated with the 13 inlet stru-. in the turbines
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I

CampbeIs in agra (i g

Capeldara wilgg

MAN~o Fig. 18. Main injector assembly

the outer concentric passage. The posts are ar-

20.OW -ranged in 13 rings (rows), and the hot hydrogen
ga mine iecl enthe outer row os posts

P Structurally, the LOX posts (Fig. 19) are welded
10. to the interpropellant plate at the upper end,

Ii are laterally restrained at the secondary face
5.000 19 L plate, and are cantilevered below the secondary

~ ~ , ~ ~ Lface plate, except for three guide vanes in the01 I. 15ta MN 30 35 1fuel sleeve which limit the lateral motion.
PUMP SPEW. RPM

Fig. 17. HPFTP first-stage turbine blade WSLI

Campbell diagram (operation)

and their irregular spacing, and also due to the
first stage-nozzles. Examination of this figure
indicates that the following modes of turbine
blade vibration are in the engine operating
range:

ModeRP
1st Torsion 1' 36,000
1st Axial 28,000 to 31,000
2i.d Flex 33,000 to 37,000
2 Stripe 37,000 Fig. 19. LOX post thread and fillet crack

locations
Complex 32,000

Based on the results of the whirligig testing, The outer posts (row 13) were subjected to
it was concluded that the turbine blade failures the most severe loading conditions. The steady
incurred during testing were directly attributable state loads included a bending moment due to
to locked-up blades. Although the whirligig test- the deflection of the Interpropellant plate,
ing did not provide a clear ranking of the dampers thermal loads due to differential temperature,
tested, all dampers appeared to function well. a drag force due to the flow of hot hydrogen

gas, and the direct loads due to the differen-
SSME MAIN INJECTOR OXIDIZER POST tial pressure across the face plates. Dynamic

loads are induced by the structural vibration
The SSNE main injector (Fig. 18) consists of of the powerhead, vortex shedding in the hot-

600 concentric posts, each of which allows liquid gas flow stream, and randomn excitation from
oxygen (LOX) to flow through a center passage and the hot-gas flow stream, Recognizing these
hot hydrogen gas from the turbines to flow through potential excitation sources and resulting
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loads were extremely difficult to assess quan- testing showed that a predicted life of 20,000
titatively, steps were taken during the ini- seconds of equivalent RPL could be obtained by
tial design to minimize the dynamic loads, plugging nine additional posts In Row 12.
i.e., helical strekes on the LOX posts to re-
duce the vortex shedding induced vibrations. To further imrvew the predicted life of

The location of the highest alternating existing injectors, a modification (Fig. 21)
stress, most critical in fatigue, are the was developed that replaces the tips of the LOX
threads where the fuel filter attaches and the posts with material having improved properties
fillet directly below these threads (Fig. 19). (316L material was replaced with H"yges 188).
The location of the maximum stresses depends This replacement increases the fatigue strength
on the degree of tightness in these threads. in the most critical areas, the threads and the
It is not possible to torque the filter tightly fillet below the threads. This redesign gives
on these threads because they are used to ad- 28,000 seconds of life at RPL.
just the support for the secondary face plate.
In addition, experimental verification of the The long-range redesign calls for the en-
maximum stress levels could not be measured tire LOX post to be changed to Haynes 188 mate-
due to their local nature and inaccessibility. rial, and will provide an infinite fatigue life

at RPL and at FPL (109% RPL).
Although it was thought that a conserva-

tive approach had been taken in the design of
these posts, two engine tests were terminated A TV RM
after 780 seconds of equivalent rated power
level testing. Thus, the engine development
program had uncovered higher load conditions
than had been predicted.

Analysis of the failed hardware showed per- UN--'-N
manent bending deformation in the direction of
the hot gas flow, Indicating higher drag loads
than had been anticipated. In addition, sev-
eral of these posts showed fatigue cracks in
the threaded area, and one showed a fatigue
crack in the fillet below the threads. Model
studies showed a nonuniform flow distribution
between the transfer ducts, with the outer Fig. 21. LOX post configurations
ducts on the HPFTP side carrying twice the flow
of the center duct. CONCLUSIONS

Since it was not practical to quickly re- As has been discussed, the SSNE has under-
design the turbine and transfer ducts to repro- gone design changes as a result of engine de-
portion the flow and increase the fatigue velopment testing. Failures have occurred, have
strength of the posts, flow shields (Fig. 20) been evaluated, and fixes have been implemented.
were added to pairs of posts in row 13. These The engine environment has gone through several
shields reinforced the posts in the outer row, criteria definition changes and now represents
modified the flow distribution, and kept the more accurately the current environment. The en-
posts cooler. However, since the shields diO gine has matured and is expected to meet its op-
not si leld two posts in Row 12, these posts were erataonal life requirements for RPL and even-
plugged to ensure a minimum injector fatigue tually FPL. The dynamic data base has been es-
life of 14,500 seconds of RPL. Further engine tablished and can be used for upgrading the SSME

and for future engine designs.
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high pressure fuel pl ,s.
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STRUCTURAL RESPONSE TO THE SSME FUEL FEEDLINE
TO UNSTEADY SHOCK OSCILLATIONS

Edward W. Larson, Gary H. Ratekin,
and George N. O'Connor

Rockwell International/Rocketdyne Division
Canoga Park, California

The Space Shuttle Main Engine flight nozzle experiences unexpectedly
large arcelerations during engine start and cutoff transients. Two
fuel feedline failure; occurred during separate engine tests. To
: fine the forcing function causing high nozzle accelerations, exper-
imental air flow tests using a subscale model were performed with
high-frequency pressure instrumentation such that pressure oscilla-
tion amplitude, frequency, and spacial characterist'cs could be de-
termined. The test results led to the con-lusion that the SS1E was
experiencing pressure oscillations at 38 psi at a frequency of approx-
imately 100 Hz occurring over the last 3 feet of the nozzle. Results
of this investigation yielded an understanding of the cause of the

failures and led to a redesign that exceeds life requirements.

BACKGROUND regeneratively cooled bell chamber made of 1080
tubes attached to Lpper and lower manifolds

hardware Description (Fig. 2). Liquid hydrogen enters at the cool-
ant inlet and flows to the lower distribution

The SSME uses a high-performance, large- manifold through three fuel feedlines and
area ratio, bell -contour nozzle to maximize the branching connecting ducts referred to as the
ingine performance at altitude. The expansion "steerhorns." The coolant then flows up the

area ratio, e, of 77.5 achieves this altitude tubes that form the nozzle wall and into the
performance and .lso allows the nozzle to flow collection manifold.
full at sea level. The set levei operation re-
sults in the no.zzle flowing in a highly over- Two steerhorn failures occurred during two
expanded condition, that is the wall exit pres- separate engine development tests. The frac-
sure, Pe' is ,auch lower tion the ambient pres- ture locations were at steerhorn welds near the
sure, Pa" distribution manifolds and the tee where the

fuel feedline branches. The steerhorn is made
The nozzle assembly attach'.s to the main of Inconel 718 tubing that is 1.625 inches in

combustion cl.amber at on area ratin of 5, as diameter with a 0.04g-inch nominal wall thick-
shown in Fig. 1. ness and is welded using Inconel 718 filler wire.

R B-- 0392 . -5.3 EGRES CCLATINLT ---- COLLECTION

l • 0- 37 JEOREES- LiDEGEESCOoANTINLT-; .. MANFOL

ATTACH POI.c NT,4E- 5.0 FUEL FEED LINE
110610 TUBES
REINFORCED WITH
JACKET ANDFig. 1. No~zle assembly attach point T-E HATBANDJ

The nozzle expands the gases along the DISTRIBUTION----- S/TEERHORN

wall to a maximum flow angle of 37 degrees MANIFOLD.
relative to the axis o symmetry. The remain-DISI
der of the contour then turns the flow back
toward the axis, anding with a wall exit
angle oi 5.3 degrees. The SSME nozzle is a Fig. 2. Nozzle/steerhcrn assembly
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The assembly is solution treated at 1900 F as The metallurgical examination did not show
part of the nozzle braze cycle and aged for 10 signs of fatigue striations; however, it did un-
hours at 1400 F. cover soft low-strength welds. Thus, a combina-
Description of Incidents tion of high-transient strains and the low-

strength weld were sufficient to cause failure.

Test 750-041 on Engine 0201 was terminated
at 4.27 seconds by a redline limit. During the
shutdown transient, at 5.15 seconds, approxi- A detailed description of the hardware anal-
mately 0.9 seconds after cutoff, a steerhorn yses, the tee reinforcement of soft welds that
ruptured. At the time of failure, the main allowed development testing to continue, and the
chamber pressure was 1350 psi as compared with steerhorn redesign for future engines is contained
2800 psi at the time of test termination (Fig. in Ref. 1 and 2. Experimental verification of the
3). The failed hardware showed fractures at adequacy of the redesign was obtained through
both the tee weld and the aft manifold, accom- full-scale vibration testing of both steerhorn de-
panied by extensive fragmentation. signs at the Marshall Space Flight Center (Ref. 3).

The reinforced tee configuration was used on all
three engines in the successful first launch of

31[ saNECUOF Columbia.
cc \ANALYSIS OF ENGINE DATA

'STIEERHORN,ALURE Accelerometer Data

11000 1350 PSMIA:

The first indication of the cause of the
START TIM IN S E O vibration leading to the fatigue failure was ob"STARTTIMEIN SEOND6tained from accelerometer data. Vibration data

showed two short periods of transient vibration,
Fig. 3. Main chamiber pressure during one at approximately 2.8 seconds after start and

engine test 750-041 another at approximately 5.12 seconds or 07.
seconds after engine cutoff (Fig. 5). The latter

A metallurgical analysis of the failure period was coincident with the time of failure,
surfaces determined that the fracture was ini- and showed frequencies in the 250 to 400 Hz
tiated by fatigue. Fatigue striations found range. Movies of the nozzle exit at start and
in the fracture surface adjacent to a weld are cutoff showed normal and oblique shocks near the
shown in Fig. 4. This type of failure was exit at the time accelerometers were showing the
completely unexpected. The structural design high-amplitude transients. Therelore, a series
analysis had shown factors of safety on ulti- of engine tests were run using strain gages,
mate strengths of greater than 2 for transient movies, and accelerometers to further define the
loads, and 1.5 for steady-state ccnditions. structural behavior and fluid dynamics during
The calculated stresses during both transients both of the nozzle transien%.
and steady-state resulted in zero predicted
fatigue damage and a corresponding infinite Strain Gage Data
I ife.

Strain gage measurements obtained 'during the
start and cutoff transient also showed hiCh ampli-
tudes at the tee in the 200- to 400-Hz regime.
This transient was shown to be A. st.ock pulse with
a few cycles of high-amplitude strain that rapidly
decayed to low levels. These transient strains

START CUTOFF TRANSIENT
TRANSIENT AT TIME CF RUrTURE

29.9GI
'U".S ICALS

/ Ir
Hg. 4. Fatigue striations on fracture

surface

The second incident occurred at about 0.9
seconds after cutoff during the engine main pro- TART 1 2 3 4 CUTOFF CUTOFF

pulsion test article, Test SF6-003. Again, the TIME,SEC"NDS 4.2M +1

steerhorn ruptured at welds near the tee and aft Fig. 5. Acceleration on oxidizer preburner
manifold.
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were significantly higher than those correspond- 00
ign to the design stresses and could explain a OFLA ,"TRE
low cycle fatigue failure, but the strains are Isom
not large enough to explain an overload-type
failure in a normal weld. 10,000 o

An expanded trace of the data during the ii
transient period is shown in Fig. 6. Here the S'=

data were filtered to separate the contribution
of strain due to side loads, breathing modes,
and shock transients. Approximately 95 percent
of the total peak-to-peak strain shown on the 1.0

. DAAGEEFACTI~ON F51 IN 41TESTSunfiltered trace is contained in the 100- to DO
500-Hz frequency band. This figure also shows ,2
the low amplitude of strain range contributed 0 41 TESTS
by the breathing and pendulum modes.

Fig. 7. History of maximum strains
16 HZ LP r 0 P •

l~~dpp F.S. r'p_ _I ----- --..-I
Cause of Failure

- H2V -. - --- ----- ---- The cause of the failure was traced to
124-- ep -F.S. . -- A -..- ,. a period of unsteady flow separation during

- - -- start and cutoff. Operation of the SSME at

470,11d sea level results in an overexpanded situa-
1..... .. . .... ..-. . --- tion where the nozzle exit pressure is less

31000MV p Fý rt- than ambient. This effect is increased dur--. ingthe startup and shutdown sequences when

-' I I I )the engine is operating below full-chamber
D•.ECT , • ] pressure. Figure 8 depicts such a situa-?10.I•0 . .F.S. OPI tion during the shutdown transient observed".� . - - in subscale cold-flow testiag. As the chamberJiJ pressure, Pcs is decreased relative to ambient

pressure, Pas the formation of a X shock at
Fig. 6. Test 902-160 strain gage during the nozzle exit can be seen in the Schlieren

start transient photographs (Fig. 8A). As the chamber pres-
sure is decreased further, the shock system
moves into the nozzle and the downstream leg

There was considerable variation in the of the X shock appears to intersect the noz-
maximum strain range from test to test, and zle wall at the exit (Fig. 8b). The flow be-
usually only one cycle at this peak strains oc- comes unsteady at this pressure ratio, and large
curs in each test. The magnitude of the peak- pressure oscillations occur on the nozzle wall
strain range occurring in each uf the 41 tests with the flow attaching and detaching from the
is plotted in Fig. 7 in the order in which the wall as shown in Fig. 8B and 8C. With a fur-
tests were run. Generally, the peak-strain ther decrease in the chamber pressure, the flow
range is below 7000 microinches/inch, a value remains detached, and the large pressure oscil-
that contributes very little to low-cycle lations cease.
fatigue damage.

"* UPSTREAM SHOCK LEG
INSIDE NOZZLE 0 DOWNSTREAM SHOCK LEG AT NOZZLE EXIT

"* DOWNSTREAM SHOCK LEG * PULSE EXPANDING AND CONTRACTING APPROXIMATELY
OUT OF NOZZLE 20 PERCENT IN DIAMETER

"* NO PRESSURE OSCILLATIONS * LARGE PRESSURE OSCILLATIONS NEAR NOZZLE EXIT

Fig. 8. SSME subscale nozzle pulse during periods of high-pressure oscilletlons
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The shock transients discussed above re- 2 34
suited in dynamic motion of the aft manifold tillB. 1 SI
where the steerhorns attach. These shocKs ex- -I
cited a natural frequency of the steerhorn
with a mode shape having high strains at the
tee welds. To further evaluate the loading (A) COMPRESSED OSCILLOORAPH RECORD OF TEST CYCLE
dynamics, a series of subscale air flow tests-
were carried out.

EXPERIMENTAL TESTING AND ANALYTICALPR)10 ______________

RESULTS (3l) OSCILLOGRAPH RECORD EXPANDED IN TIME.
NOZZLE FLOWING FULL - NO PRESSURE OSCILLATIONS

Subscale Air TestsL A
The tests were conducted with a 1/9 scale PR-120 P *S B

model of the SSI4E nozzle, e = 77.5. High- 1
frequency static pressure instrumentation was
installed as shown in Fig. 9, in addition to IC) SHOCK SYSTEM ENTERS NOZZLE AND FLAPPING OCCURS.

low-frequency static pressure taps. SEVERAL STRONG PRESSURE OSCILLATIONS

135 E~XISTING1STATICPRO
-13,0 TAPS 1101

11.39Il~n!t;= 1 D) SHOCK SYSTEM FURTHER UP NOZZLE,
05TP AM NOT RESTRICTED TO NOZZLE EXIT

LETTERL

- . 0110PR 100jj ,M 132PS

3e 4 40 TATIC TAPS IO,

TAP SIESSL ~ OTE - PRE) SHOCK SYSTEM NEAR NOZZLE EXIT. FLAPPING
LD OCCURS, STRONG PRESSURE OSCILLATIONS

TA UBRI a 34 TAPNOMENCLATURE DOUBLE LETTERS INDICATE
ILETTER) INUMSER) ADOED TAP LOCATIONS (F) SI4CCK SYSTEM DOWNSTREAM OF EXIT. NOZZLE
TAPS: All A12. ETC. EUE FULL FLOW

01. td2. DS. ETC.REU S

Fig. 10. Typical test cycle (location D3)
Fig. 9. SSME nozzle model high-frequency

pressure instrumentation tap NOZZLE EXIT
locations SUNSCALE FULLSICALE

APA~P - 2." PSI A1P- 111.70PSI

Startup and shutdown sequences were simu- P4I-leo0 f-70.4

lated by varying the pressure ratio Pc/Pa. A
typical test cycle is presented in Fig. 10, 07
which shows a compressed oscillograph record of AiP :3.36 PSI AP2.PS

the test cycle (Fig. IDA) along with expanded 1-ISO0 f70.4

portions of the same cycle. The portion noted P3

as l0B shows the wall pressure while the noz- 'I.00
zle is flowing full (Pc/Pa > 1000). As the AP -P1.20 PSI AP -9.12 PSI
pressure ratio is decreased, the shock moves .2I-. 0 1 f-70.4
into the nozzle, and several strong pressure 2.00
oscillations occur (Fig. 10C). This simulates
the SSME during shutdown. The pressure ratio AP-0 AP-o

is decreased further (Fig . l0D), and only
small oscillations are measured. To complete

thecyce, he resurerato i thn icresedFig. 11. Pressure pulses during period of
and as the shock system passes through the noz-jeosiatns(R=15
zle exit,' the strong pressure oscillations oc-
cur again (Fig. 10E). Finally, the pressure the pressure fluctuation is axially in phase
ratio is high enough to result in a full flow- but varies in amplitude. The amplitude of the
ing nozzle once again (Fig. 10F). pulse initially increases moving toward the

throat and then decreases to a very small value.
The high-frequency pressure transducers

were located axially, as well as circumferen- A possible mechanism for this phenomenon
tially, to determine the extent of area over is sihown in Fig. 12. The downstream leg of the
which the loading was occurring. Data obtained A~ shock impinges on the nozzle wall, resulting
from the tests indicated a circumferentially in pressure buildup at the wall, which forces
uniform distribution. The axial distribution the flow off the wall. The flow then acts like
Is shown in Fig. 11. This figure shows that a free Jet pump and lowers the wall pressure,
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MOS ./ FLOW Full-Scale Nozzle Loading

.- LI.EA MOLC From the several test cycles conducted, a
characteristic pulse frequency, armplttude, and

DOMuusAMu number. The results of this survey are shown in
,\ Fig. 14. The values shown have been scaled from

MARLAYE• the air flow tests to SSNE full-scale conditions.
The scaled results indicate pressure pulses as
high as 38 psi occur in the SSME nozzle at a fre--

-SHEAR LAYER IMPINGES ON NOZZLE EXIT quency of the order of 100 Hz. The last 30 to
-WALL PRESSURE INCREASES ABOVE AMBIENT 36 inches of the nozzle e:...,erience approximately
-SHEAR LAYER IS FORCED OFF NOZZLE WALL EXIT 7 pulses during start and 3 pulses during cutoff.
'FREE JET PUMPING LOWERS WALL PRESSURE This corresponds to an outward oscillating load
*SHEAR LAYER IS PULLED BACK AGAINST WALL on the structure of the order of 200,000 lbf.

AND PROCESS REPEATS

Fig. 12. Primary candidate driver mechanism lo
of high nozzle strains (nozzle SE- AC A-

unsteady flow separation)
30JLJW JW

causing the jet to impinge on the wall again,
and the cycle repeats itself. SEC

Analy•tical Model Fig. 14. Representative shock pulses for
dynamic model

A computational model was also developed
during this study, the results of which are The pulse series input was used as a forc-
shown in Fig. 13. This figure illustrates a ing function for a finite difference structuralvelocity vector field near the nozzle exit and model of the nozzle. The results indicated high
the entrainment of ambient air by the free jet. levels of stress in the fuel feedline, and were
The flow has been forced off the wall by the high in good agreement with strain gage measurements.
ambient pressure as shown by the degraded
boundary layer profile. The vector length repre- IMPROVED FEEDLINE DESIGN
sents the magnitude of the velocity. As can be
seen by the boundary layer profile near the up- Two fuel feedline redesigns were developed
stream portion of the flowfield, the velocity at to reduce the stress levels that the steerhorns
the wall is zero then approaches the free-stream were experiencing during engine start and shut-
velocity in the classical manner. Further down- down. The first redesign consisted of nickel
stream, degradation of the boundary layer begins, plating the existing design to reinforce the
shown by the steepenirg of the gradient. Back- weld area. This design was selected because it
flow than occurs as well as entrainment of am- could readily be implemented on the engines.
biert air. Flow turning as a result of the obli-
que shock is also apparent. The large arrow A second redesign was developed that would
shows the flow of ambient air Into the free jet. provide a 50-percent reduction in the stress

levels. Since it was not possible to modify the
VELOCITY VECTORS NEAR NOZZLE EXI shock behavior within the existing nozzle, a

10.0 -more dramatic design change was incorporated.
In this configuration, the horizontal run of the
steerhorn is supported by the ninth hatband

cco '80 itWL (Fig. 15). A thermal expansion loop is pro-
vided in the vertical feedline. The redesigned

- _Z-- configuration of the fuel feedline was also
Z- va modeled and excited with the same pulse series

.------- ' as before. The redesign showed a much lower
level of response than the initial design, andU .- " has been incorporated into the SSME.-

- ...-. - Forty-one samples of strain data had been

gathered during the engine testing of the ori-
r_______... -ginal design, and it was shown that fatigue oc-

_ _curred in only a few tests. Based on this data,
14.0 16.0 '1.o 20.0 22.0 .0o20.0 28.0 it was desirable to obtain a similar number of

AXIAL COORDINATE. X/IT samples of both the reinforced tee design and
the final redesign. Fifty-seven samples of

Fig. 13. Analytical prediction of SSME data from the reinforced tee configuration were
nozzle flow (PC - 735 psia) obtained, and showed maximum strains only 56

percent of those of the original configuration.
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CONCLUSIONS

The SSME nozzle experiences on overexpanded
situation during the start and cutoff transients,
at sea level, that results in periods of un-
steady flow separation. A time-dependent solu-
tion to the viscous Navier-Stokes equation was

THERMAL developed to analyze the complex flowfield.
EXPANSION
LOOP Experimental air flow tests indicated that

the SSME nozzle was experiencing peak pressure
oscillations of 38 psi at a frequency of approxi-

E Smately 100 Hz occurring over the last 3 feet of
PR the nozzle.

Pressure pulses input to the dynamic struc-
STEERHORN BRACKET tural response model showed excellent correla-
SUPPORT tion with data measured during engine testing.

Fig. 15. Redesigned nozzle
Finally, engine test data show both the

Thirty-one samples of data from the final design reinforced tee design and the redesign have life
have been accumulated, and the maximum strain capability for the planned flights of the Space
is only 14 percent of the original design. This Shuttle Vehicle.
is significantly below the fatigue damage limit
and results in infinite predicted life. A com-
parison of the engine test data is shown in REFERENCES
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Fig. 16. Nozzle steerhorn strain measurements
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